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Abstract 
The goal of this thesis is to master the synthesis of GaAs nanowires ensembles on 
Si for their application in solar cells. Semiconductor nanowires present promising 
characteristics for photovoltaic applications: they benefit from their longitudinal 
high aspect ratio geometry to enhance light absorption, minimize material 
consumption and efficiently collect the carriers. To fully unleash their potential, the 
following properties have to be controlled: number density, diameter and 
orientation. The latter is of utmost importance to have uniform junctions and to 
avoid leakages/shortcuts, whereas number density and diameter allow to tune light 
absorption and minimize material utilization. Our nanowires have been grown by 
molecular beam epitaxy (MBE), a well-known technique for the high crystalline 
quality and atomically sharp interfaces in thin film applications. Moreover, to 
develop a scalable technique and to avoid any possible contamination we used a self-
assembly and self-catalyzed approach, which involves only Ga and As, without any 
patterning of the surface. In a first place we studied the occurrence of GaAs 
nanowires growth for different types of silicon oxides, such as thermal oxide, native 
oxide and hydrogen silsesquioxane (HSQ). We determined the critical thicknesses to 
achieve nanowire growth and investigated the influence of surface roughness. This 
comparison study lead us to choose native oxide as oxide of choice for GaAs 
nanowires growth on Si. With this type of oxide, reproducibility and uniformity of 
results outpaced the others. Successively we developed a simple technique to control 
native oxide thickness and characterized the chemical composition and wetting. 
Once the behavior of the oxide properties as a function of oxide thickness was 
clarified we studied their influence over nanowire growth. We found that impacted 
the overall possibility of nanowires growth and to control their orientation with 
respect to the substrate. The root cause of the change in growth morphology was 
identified to be in the different thermal stability of the oxides with different 
compositions, and the wetting properties. The understanding of the influence of the 
surface properties over nanowires nucleation was of paramount importance to 
achieve reproducible, uniform and scalable growth of vertical nanowires. Once full 
control over the substrate was achieved, we investigated the tailoring of diameter 
and density by growth conditions using the self-assembly of Ga droplets. We 
demonstrated an approach to tailor diameter-density distribution that minimize 
nanowires-array reflectivity. These results give a clear pathway on how to obtain fully 
controlled nanowires growth in terms of diameter, density and orientation, paving 
the way to the development of GaAs nanowires based solar cells on Si. 
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Riassunto 
L’ obiettivo di questa tesi è di acquisire controllo sul processo di sintesi di nanofili 
di GaAs su silicio per applicazioni in campo solare.  I nanofili semiconduttori 
presentano promettenti caratteristiche per le applicazioni in campo fotovoltaico: essi 
beneficiano del loro particolare rapporto dimensionale diametro/ lunghezza, per 
massimizzare l’assorbimento di luce, minimizzare il consumo di materiale e per 
estrarre efficientemente i portatori. Per realizzare il loro potenziale, le seguenti 
proprietà devono essere controllate: la densità di nanofili per unità di superficie, il 
diametro e l’orientazione. Proprio quest’ultima è di estrema importanza per avere 
giunzioni uniformi e per evitare perdite/corto-ciruiti. Mentre invece la densità di 
nanofili e il diametro permettono di controllare lo spettro di assorbimento della luce 
e minimizzare il consumo di materiali. I nostri nanofili sono stati cresciuti con la 
tecnica di epitassia a flusso molecolare (MBE), tecnica molto conosciuta per l’alta 
qualità cristallina e per le nette interfacce a livello atomico nelle applicazioni di film 
sottili. Inoltre, per sviluppare una tecnica scalabile di produzione e per evitare 
contaminazioni abbiamo preferito un approccio di autocatalisi e autoassemblaggio, 
che include esclusivamente l’uso di gallio e arsenico, senza nessuna preparazione 
della superficie con tecniche di litografia. In primo luogo abbiamo studiato 
l’influenza di diversi tipi di ossido, come ossido termico, ossido nativo e ossido 
derivato da idrogenosilsequioxano (HSQ) sulla crescita dei nanofili. Abbiamo quindi 
determinato uno spessore critico per la riuscita del processo e investigato l’influenza 
della rugosità della superficie. Questo studio comparativo ci ha portato a scegliere 
l’ossido nativo come miglior ossido per la crescita di nanofili di GaAs su Si, in termini 
di riproducibilità e uniformità dei risultati.  Successivamente abbiamo sviluppato una 
tecnica per controllare lo spessore dell’ossido, per caratterizzarne la composizione 
chimica e le proprietà di superficie. Una volta chiarificato il comportamento delle 
suddette proprietà in funzione dello spessore, abbiamo studiato la loro influenza sul 
processo di crescita. Abbiamo scoperto che le proprietà dell’ossido impattano la 
possibilità di crescita di nanofili e la loro orientazione rispetto alla superficie. La 
causa di questo cambiamento in morfologia di crescita è la diversa stabilità termica 
degli ossidi a seconda della loro composizione chimica, e a seconda della loro 
“ bagnabilità ». La comprensione dell’influenza delle proprietà di superficie sulle 
prime fasi di formazione dei nanofili è di fondamentale importanza per ottenere 
nanofili perpendicolari rispetto alla superficie, in modo riproducibile, uniforme e 
scalabile. Una volta acquisito il controllo sulle proprietà di superficie e sulla loro 
influenza, abbiamo studiato il controllo del rapporto densità-diametro attraverso le 
condizioni di crescita. Utilizzando un processo di autoassemblaggio di gocce di gallio 
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abbiamo dimostrato un approccio per ottenere combinazioni di diametro-densità in 
modo da minimizzare la riflessione della luce da parte della foresta di nanofili. Questi 
risultati indicano un chiaro approccio per ottenere crescita di nanofili con le 
desiderate proprietà in termini di diametro, densità e orientazione, aprendo la via allo 
sviluppo di celle solari basate su nanofili di GaAs su superfici di Si. 
Parole chiave   
Nanofili, MBE, crescita di cristalli, semiconduttori III-V.  
  

XI 
 
 Contents 
Acknowledgments ..............................................................................................................I 
Abstract .............................................................................................................................. V 
Keywords .................................................................................................................... VI 
Riassunto ...................................................................................................................... VIII 
Parole chiave ............................................................................................................... IX 
1 General introduction ................................................................................................ 1 
1.1 Energy Landscape ................................................................................................ 1 
1.2 Why GaAs ............................................................................................................. 2 
1.3 GaAs nanowires on Silicon ................................................................................. 3 
1.4 Objectives and Outline ........................................................................................ 6 
2 State of the art of growth of GaAs Nanowires..................................................... 9 
2.1 Nanowires ............................................................................................................. 9 
2.2 Vapor Liquid Solid (VLS) & Vapor Solid (VS) Growth mechanisms ......... 10 
2.2.1 Liquid Catalyst ............................................................................................ 11 
2.2.1.1 Au .......................................................................................................... 12 
2.2.1.2 Ga .......................................................................................................... 13 
2.2.2 Vapor Fluxes and other process parameters ........................................... 16 
2.2.3 Solid Substrate ............................................................................................ 17 
2.3 Nanowire Properties and Applications ........................................................... 18 
2.4 2.4 Molecular Beam Epitaxy ............................................................................. 21 
2.5 Summary.............................................................................................................. 23 
3 Role of the silicon oxide in the growth of GaAs nanowires on Si ................... 25 
3.1 Introduction ........................................................................................................ 25 
3.2 Types of Silicon Oxide ...................................................................................... 26 
3.3 Outlook ............................................................................................................... 28 
3.4 Papers Included in the chapter ......................................................................... 32 
3.5 Summary.............................................................................................................. 70 
4 Mastering nanowire properties for light interaction........................................... 71 
4.1 Introduction ........................................................................................................ 71 
4.2 Outlook ............................................................................................................... 72 
XII 
 
4.3 Papers included in the chapter ......................................................................... 74 
4.4 Summary.............................................................................................................. 84 
5 Conclusions ............................................................................................................. 85 
5.1 Future Outlook ................................................................................................... 86 
Appendix .......................................................................................................................... 89 
SI Publication I ............................................................................................................ 89 
SI Publication II .......................................................................................................... 96 
SI Publication III....................................................................................................... 103 
SI Publication IV ....................................................................................................... 118 
Bibliography ................................................................................................................... 128 
Curriculum Vitae ........................................................................................................... 142
1 
 
 
1 General introduction  
The purpose of this chapter is to put the scientific research of this thesis into context 
with the current energy landscape, providing the motivation of the materials’ and 
geometry choice. In a second step the general and specific objectives are outlined. 
 
1.1 Energy Landscape 
Energy has been shaping the global political and economic landscape in the last 
century, due to the localized distribution of the resources. However major changes 
are coming ahead: global warming and the limited volume of non-renewable 
resources are driving towards a historical change towards renewable energy 
resources, and the COP 21 agreement signs the beginning of it.  
The energy production started to shift towards renewable resources, such as solar 
and wind, which are more homogeneously distributed on the global scale. This trend 
is observed in the installed global photovoltaic (PV) capacity, which has been 
growing exponentially in the last 20 years (see Figure 1 (a)), leading to a dramatic 
drop in cost (see Figure 1 (b) and Swanson law [1]).  
Part of this trend is due to the incentives and benefits from government policies 
stimulating economically the sector. The initial high cost of the PV technology 
prevented mass deployment until the early 2000, when finally the financial subsidies 
brought a drastic cost reduction.  The technological advances, together with more 
effective business models drastically reduced the upfront costs and increased 
adoption. 
 
Figure 1  (a) Installed PV capacity since 1992 in megawatt peak. Data taken from [2] [3]. (b) 
Price per Watt of crystalline Si solar cell during the last ~50 years [4] [1] [5]. 
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  The price trend was followed by efficiency improvement of Si solar cells up to 25% 
on the lab scale (keep in mind that the best module performances are~20%), 
approaching the theoretical limit of 29% [6].  Key to the successful improvement of 
the technology was the quality of the raw material, which makes nowadays the 60% 
of the module cost [7]. The high contribution of Si to the final module cost is 
counterintuitive considering that Si is among the most abundant elements on earth. 
Nevertheless, the degree of purity of Si needed for solar is extremely high (impurity 
% required < 10-6), requiring expensive purification processing.   
 
1.2 Why GaAs 
Another approach to further improve the solar cell performances is to explore 
materials with better properties. Among the different candidates, GaAs and InP are 
the most promising one given the highest theoretical efficiency limit (~34%) [8]. 
However GaAs is a more technologically relevant, given Ga wider availability on the 
earth’s crust in comparison to In. We therefore choose to focus only on GaAs.  This 
material presents ideal characteristics for solar energy conversion: strong absorption, 
direct bandgap and low non radiative energy losses.  Given these properties, it is no 
surprise that it holds the record for the highest power conversion systems than any 
material system (28.8% lab and 24.1% module) [9]. However GaAs is not widespread 
because production has been demonstrated not to be cost effective in high volume 
manufacturing [10]. Several companies attempted to bring GaAs “up to scale”, but 
unsuccessfully. It is worth mentioning Alta DevicesTM, a company in California who 
developed flexible GaAs solar cells 1μm thick with record efficiency (28.4%). Their 
performances attracted the interest of several investors (KPCB, August Capital and 
Dow Ventures just to mention a few), raising 120M$ in venture capital. Despite the 
competitive product, the price per watt did not reach competitive levels (~12$/W, 
1 order of magnitude more than Si). New approaches that involve solar 
concentrators are being developed to increase GaAs competitiveness. The good 
performances of GaAs solar cells at high temperature allow the introduction of 
concentrators which reduces the solar panel dimensions. However also this 
approach did not prove yet its cost competitiveness.   
A possible solution to overcome the GaAs issue that hinder its competitiveness is 
to lower the manufacturing costs. This could be achieved by integrating GaAs on Si 
to leverage the infrastructure of the latter to lower production costs, and the top 
performance of the compound semiconductor enhance conversion. The 
characteristic larger bandgap of GaAs (~1.42eV) than Si (~1.1eV) allow the 
combination of the two to form a dual junction solar cell with better performances.  
However the integration of GaAs on silicon presents several issues such as lattice 
and polarity mismatch and a large difference in thermal expansion coefficients [11]. 
These dissimilarities generates a variety of technical hurdles that have to be taken 
into account to successfully combine the two materials: 
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? Antiphase boundaries: GaAs is a polar semiconductor, since it is formed by 
Ga, a group III elements, and As, a group V element. This is not the case for 
Si, a group IV element (apolar). Therefore, even though Silicon and GaAs 
have identical crystalline structures (face centered cubic (fcc)), the two fcc 
lattices of GaAs are not identical: one is occupied by Ga atoms, the other one 
by As atoms. As a consequence, in the case of GaAs growth on silicon the 
first monolayer can either be partially gallium and partially arsenic, since 
silicon has the same probability to bond with As and Ga atoms. This lead to 
the coexistence of areas with Ga atoms and areas with As atoms on the initial 
layer, where As-As bonds and Ga-Ga bonds are formed at the interface 
between domains. These defects are called antiphase boundaries (APBs), and 
degrade significantly the device performance [11]. 
? Thermal mismatch: Si and GaAs thermal expansion coefficient differ of 60% 
at room temperature, and at elevated temperatures it narrows down only 
slightly. Such a mismatch causes thermal stress in the GaAs layer, distorting 
the GaAs lattice up to bending and cracking [11]. The latter completely 
deteriorate the properties. 
? Lattice mismatch: GaAs has a bigger lattice constant than Si since its atoms 
are bigger (aGaAs=5.65Å and aSi=5.43Å). This lattice mismatch causes strain in 
the GaAs lattice during growth, and the energy associated to it scales linearly 
with the thickness of the GaAs epilayer h [12]. In other words, up to a critical 
thickness of the epilayer the energy can be accommodated elastically, and 
beyond that is accommodated plastically, forming misfits and dislocations at 
the interface. In the case of GaAs on Si the mismatch is ~4%, which 
correspond to a critical thickness of ~1nm [13], out of interest for PV 
applications. 
1.3 GaAs nanowires on Silicon 
The apparent unfeasibility of combining GaAs with Si, imposed by lattice, polarity 
and thermal mismatch, can be overcome by using GaAs nanostructure geometries. 
The advantage of the latter is the reduced contact area, which moderate the strain, 
limiting the formation of dislocations and misfits at the interface up to complete 
elastic relaxation [14]. At the same time the nanostructures are mainly formed by a 
single nucleation event on the substrate and separate, overcoming also the anti-phase 
boundary formation. As such, nanostructures are the only viable opportunity to 
successfully integrate GaAs on Si (beyond the critical thickness mentioned in the 
previous section). In the present work the nanostructures of our choice are 
nanowires, since their characteristics suite perfectly PV applications:  the geometry 
is advantageous to capture light [15], it allows enhanced design flexibility [16] [17] 
and it minimizes material usage [18].  
4 
 
To better understand the advantages of these nanostructures we have to step back 
to the conventional PV geometry, and understand its design constraints. Commercial 
solar panels are formed by different 2D layers, where the design is based on the 
compromise of a film thick enough to absorb as much light as possible, but thin 
enough to optimize carrier extraction. Instead, with nanowires geometry the junction 
can be designed radially, so that the full length of the nanowires is used to absorb 
light, and the carriers are extracted radially.  
 
Figure 2 (a) Simulated light absorption of a GaAs nanowires perpendicular to the Si substrate. 
Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics [15], copyright 2013. 
(b) Calculations of light absorption (average of the square of the electric field) in GaAs nanowires 
in an array for different pitches (i.e. nanowires spacing) [18]. © IOP Publishing.  Reproduced with 
permission.  All rights reserved. 
 
Moreover the nanoscale dimensions of nanowires bring new properties which suite 
the PV application: they act as natural light concentrators. In other words, nanowires 
absorption cross-section strongly exceed their geometrical cross-section (see Figure 
2 (a)) [15], meaning that they can be spaced between each other and still absorb as a 
planar film, if not exceed it [19]. To better understand this concept we have to 
consider that light absorption in nanowires is not simply function of the material, 
but also of the specific nanowires geometry, namely diameter and density [18] [15].   
Another interesting consequence of their property for PV application is observed by 
tuning the nanowires density: the full length of the nanowires can be used to generate 
and extract carriers (see Figure 2 (b)), while dramatically reducing the material 
consumption. This is another advantage for PV application, since it allows to 
minimize the usage of GaAs, which is an expansive semiconductor (~1000x the 
price of Si [20]). 
5 
 
It is important to remark that all the above mentioned properties hold only for 
nanowires perpendicular to the Si surface, and (unfortunately) this is not the only 
possible growth direction for GaAs nanowires on Si. This makes orientation a key 
property to control, together with density and diameter. To better understand the 
origin of these different possible orientations we have to consider the fundamentals 
of growth and the nature of GaAs and Si. 
 
Figure 3 (a) Schematic of the Si lattice and GaAs lattice. (b) nanowires orientation based on the 
polarity of the first layer of atoms at the interface with Si. (c) Cross-section scanning electron 
micrographs of GaAs nanowires growing in different angles with respect to the substrate surface 
[21]. (d) 3D atomistic models that explains with 3D twinning the multiple observed orientations 
[21]. (c)-(d) Reprinted (adapted) with permission from [21]. Copyright 2016 American Chemical 
Society. 
The direction of growth is determined by the energy minimization principle. Since 
the process we are considering is liquid catalyst driven, the catalytic droplet positions 
on the facet with the largest surface free energy to drive growth in that direction.  
For a Zinc-Blende crystal the (111) facet is the one with the largest surface energy 
since it has the highest atom-density/packing-density.  
However another element has to be considered for GaAs: it is a polar 
semiconductor, meaning that it is formed from Ga atoms of the group III elements, 
and As atoms of group V elements. This binary composition has consequences at 
the crystal structure level: the two face centered cubic (fcc) primitive lattices that 
forms the Zinc Blende structure are one occupied by Ga atoms, and the other by As 
atoms.  
In the case of the (111) plane, the surface is either Ga terminated (also called A-
polar) or As terminated (B-polar) (see Figure 3 (a)). As a consequence, the <111> 
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direction can be distinguished into <111>A and <111>B depending on the surface 
termination. In the case of growth on Si (111) substrates, depending on the polarity 
of the layer the nanowires will be either oriented perpendicularly to the surface (B-
polar), or be tilted of 19° (see Figure 3 (b)). To further complicate the scenario, the 
presence of defects or twins allow an even wider variety of possible orientations, 
such as 34°, 51° or even horizontally, as shown in Figure 3 (c)-(d) [21]. Our group 
studied in detail the crystal orientation of the grain to understand the root cause of 
the different orientation of the nanowires. Evidences of multiple grains separated by 
twins in the case 34° and 51° tilted nanowires explained the appearance of these 
otherwise inconsistent orientation with the crystallography of a single grain. 
 
1.4 Objectives and Outline 
To recapitulate, the successful integration of GaAs on Si would pave the way to the 
development of high efficiency dual junction solar cells. In this frame of ideas the 
nanowire geometry is the most promising approach in terms of performances and 
potential cost saving opportunities. A Schematic of the aimed device is represented 
in Figure 4. 
 
Figure 4 Schematic of the GaAs/Si dual junction monolitically integrated solar cell. In green 
the GaAs nanowires are represented, whereas in brown Si. 
 To work towards the development of this technology the following milestones have 
to be accomplished from the crystal growth side: 
? The control of the nanowires diameter to tune light absorption. 
? The control of density to minimize material usage.  
? The control over orientation to enable the above mentioned properties. 
All the above have to be accomplished reproducibly on a wide scale. These issues 
are of uttermost importance to advance in the development of GaAs nanowires solar 
cells on Si, and are therefore the main focus of this thesis. 
In chapter 2 a general overview of GaAs nanowires growth is provided to place our 
research into context with the advances and with the open challenges in the field. 
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In chapter 3 we investigate in detail the role of the silicon oxide in the growth 
process, demonstrating it as a key parameter to achieve the desired nanostructures, 
control their orientation and their density.  
Chapter 4 is dedicated to the study of the influence of the growth conditions over 
diameter and density. The understanding of the growth mechanism is used to grow 
tailored diameter density distributions of nanowires forests, demonstrating their 
influence over the reflectivity of the array. 
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2  State of the art of growth of GaAs Nanowires 
 
2.1 Nanowires 
Nanowires are filamentary crystals with high aspect ratio (see Figure 5), which can 
be grown out of many different materials, by means of different techniques. 
 
Figure 5 Electron micrographs of self-catalyzed GaAs nanowires grown on a Si(111) substrate 
via MBE technique. (a) shows the top view of the nanowires: vertically elongated crystal. The 
inset show a closer look at the catalytic droplet on top of the nanowires. (b) reports a cross 
section image of the nanowires to show the extended aspect ratio. 
 The first example of these filamentary crystals dates back to 1951, with low melting 
point metals [22]. Few years later Barns and Ellis reported the first example for GaAs 
[23]. To experience a renewal in interest, their exploratory work needed to wait more 
than 30 years to be fully appreciated. The interest in these highly anisotropic 
structures was renewed in the early 1990 by Hiruma et al. [24] [25], but only around 
the 2000 the pioneering work of the Lieber group (Harvard University) triggered the 
interest of a vast community, as they demonstrated the interest of these structures 
fir a wide variety of applications [16] [17]. From there on, the field experienced an 
exponential growth of publications per year. Among the most influential groups that 
demonstrated the high potential of nanowires very early on for optoelectronic 
applications are the Yang group (University of California Berkeley) [26], the 
Samuelson group (Lund University) [27], and Bakkers group (Eindhoven University) 
[28]. 
Since the exploratory work of Wagner and Ellis several synthesis methods have been 
developed; the more established are Molecular Beam Epitaxy (MBE), Metal Organic 
Chemical Vapor Deposition (MOCVD), Metal Organic Vapor Phase Epitaxy 
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(MOVPE), Chemical Beam Epitaxy and Gas Source-Molecular Beam Epitaxy. The 
technique of our choice is MBE.  
All the above mentioned techniques have in common the possible mechanisms with 
which Nanowires can grow: the vapor liquid solid (VLS) mechanism and the vapor 
solid mechanism (VS). The VLS method was discovered in 1964 by Wagner and 
Ellis for Si whiskers [29], and from there on it got applied to different material 
systems. 
2.2 Vapor Liquid Solid (VLS) & Vapor Solid (VS) Growth mechanisms 
The VLS mechanism, as the name suggests, involves three different phases: liquid, 
solid and vapor. The liquid forms droplets on the surface by diffusion (see Figure 
6), and act as catalyst. These droplets adsorb the atoms impinging onto its surface, 
which start to diffuse towards the inside of the catalyst due to a concentration 
gradient. Once the adsorbed atoms reach supersaturation, the material precipitates 
underneath the droplet in solid form (see Figure 6). It is worth mentioning that, 
since the solid phase precipitate underneath the droplet, the size of the latter will 
determine the nanowire diameter. In the case of a crystalline substrate, the seed 
crystal nucleated in the droplet is formed epitaxial to the substrate. 
 The continuous precipitation drives the growth of the nanowires along the direction 
of the largest surface free energy (e.g. in the case of a ZB crystal is (111)).  
 
Figure 6 From left to right schematic of the evolution steps of the VLS mechanism. The 
catalyst is pictured in blue, the vapor phase in red and solid phase in green. The last two steps 
illustrate the termination of vertical growth and shell growth by VS mechanism. 
The nanowires keep growing as long as both the liquid and the vapor phase are fed 
into the system. To terminate the process, in the case of self-catalyzed growth, the 
catalyst supply is interrupted, so that the liquid phase gets “consumed” (see Figure 
6 “Catalyst Consumption”). The practice described heretofore is also called “core 
growth”. A variation of this method is the vapor solid solid (VSS), where the catalyst 
is in solid phase [30]. 
11 
 
 In the specific case of nanowire based solar cells or any other radial heterostructures, 
this core growth is followed by vapor solid (VS) growth to form the shells. The VS 
method differ from the VLS since it does not involve liquid. The elimination of the 
latter is achieved by a combination of lower growth temperatures than VLS and 
higher vapor phase supply. These different conditions lower Ga mobility, which 
cannot reach anymore the more energetic (111) facet, producing epitaxial growth 
uniformly in all the directions. This result in a uniform shell around the nanowires 
(which is used as “template”).  
To recapitulate, the main variables in the VLS growth process are the catalyst, the 
vapor flux and the solid substrate. In the following sections we review the current 
knowledge on the effect of these variables onto the nanowire properties in the case 
of GaAs.  
2.2.1 Liquid Catalyst 
The main catalysts that have been investigated for GaAs nanowire growth are Au 
and Ga (the latter also called self-catalyzed, or catalyst free). The main difference 
between the two metal catalysts is that they have different surface tensions, which 
lead to a change of the nanowires crystal structure: for Ga, which has lower surface 
tension than Au, the preferred crystal phase is Zinc Blende (ZB), whereas for Au 
Wurtzite (WZ) [31] [32]. It is important to note that WZ is never observed in the 
bulk phase because it is energetically more costly than ZB. Another difference 
between the two catalysts is that Au present disadvantages for the fabrication of 
both radial and axial heterostructures.  
For axial heterostructures the sharpness of the interface depends on the type of 
material change that is performed. In the case of change of material of group V sharp 
interfaces can be achieved, since group V elements have generally low solubility into 
Au. This may not be the case for group III materials, since they have high solubility 
into Au. This problem is originates from the ternary alloy in the catalyst, where Ga 
has higher solubility than As into Au. In other words, even at complete As 
consumption Ga will still be in the droplet. This effect is called reservoir effect, and 
impedes the formation of sharp axial interfaces between different materials [33] [34]. 
To circumvent the problem Dick and coworkers developed a technique that involves 
pulsing fluxes to control the abruptness of the interface [35].  
In the case of radial heterostructures the Au-catalytic droplet cannot be consumed 
in situ, increasing the complexity of the process. Moreover Au present the 
disadvantage of getting incorporated at the impurity level into the nanowires [36], 
although the effective incorporation in III/Vs is still controversial. From a more 
fundamental standpoint the Au catalyzed approach provide helpful insight into the 
mechanisms of growth. In our case we decided to focus on the self-catalyzed option, 
being the most promising candidate. Nevertheless, we will also review the Au 
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catalyzed achievements.  In the following sections the state of the art of GaAs 
growth is presented, divided in Au catalyzed and self-catalyzed. 
2.2.1.1 Au 
Historically Au catalyzed growth was first studied [23]. Among its advantages is the 
simple formation of nano-droplets by evaporation and annealing of a thin film, 
lack of oxidation, and the ease of control of their size by simply tuning annealing 
time and temperature. The majority of the investigations for Au catalyzed 
nanowire growth has been performed on GaAs substrates.  
In the case of Au-catalyzed growth on GaAs substrates the research has mainly 
focused on the control of the crystal phase, and on the fundamental understanding 
of the kinetic processes: 
? Control of the crystal phase: nanowires exhibit high density of stacking faults 
in the <111>B growth direction (see Figure 7), leading to the coexistence of 
WZ and ZB.  
 
 
Figure 7 Scanning Electron Micrograph of a GaAs nanowire. The red arrows points at where 
the stacking faults can be observed along the length of the nanowire. 
The control over the crystal structure is crucial for PV application because 
defects affects the electronic and optical properties of the Nanowires. 
Therefore many studies focused on the occurrence of wurtzite and zinc-
blende, and the relative growth conditions to control their appearance [38] 
[39] [40] [41] [42] [43]. However, only recently an experimental proof of the 
crystal phase change has been reported by in-situ technique: the droplet 
volume, chemical potential and associate contact angle change the nucleation 
of the new bilayer from the triple phase line (line of contact between vapor, 
solid and liquid) to inside the droplet [44].  
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? Fundamental understanding of the kinetic processes: comprehension of the 
adatom diffusion contribution to nanowires growth in terms of length and 
diameter distribution [45] [46], and how process parameters influence it [47] 
[48] [49] [50] [51]. 
To date, few studies of Au-catalyzed GaAs nanowires have been performed on 
Si(111), since Au-Si form an eutectic, which favors the incorporation of Au 
impurities in the nanowires. Nevertheless, from a fundamental standpoint the 
investigation of GaAs nanowire growth on Si provides insightful information on the 
influence of the substrate over the process. Different results have been achieved by 
changing the surface preparation [52] [53] [54] [55], suggesting an influence of the 
surface properties on the process. This topic will be investigated in depth in the 
Chapter 3. 
  
2.2.1.2 Ga 
The Ga catalyzed process was introduced to circumvent the drawbacks of using Au 
(see 2.2.1 and 2.2.1.1). It involves the use of Ga droplet as catalyst, which avoids any 
potential contamination by foreign metals, and allows the consumption of the 
catalytic droplet to form heterostructures (see 2.2.1). This is yet another advantage 
for the Ga catalyzed approach. 
 
Figure 8 Illustration of the VLS mechanism for self-catalyzed nanowires growth. Section (a) 
shows the initial step, a GaAs(111) or Si(111) surface coated with silicon oxide. (b) When the 
material fluxes are started Ga will form droplet on the surface. Instead As, which has higher 
vapor pressure than Ga, will tend to stay in the vapor phase through adsorption and 
desorption. Section (c) pictures when the Ga droplet supersaturation has already been 
achieved, and the nanowires growth started. In this stage the material feed to the catalytic 
droplet is by diffusion for Ga, and via adsorption of directly impingent and secondary flux 
for As.   
The Ga droplet can be formed during the growth process in Ga rich conditions, 
where the accumulation of Ga on the surface is promoted, without the need of pre-
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deposition (see Figure 8). In other words, Ga droplets are naturally formed on the 
surface even though both Ga and As fluxes are supplied at the same time. This 
happens because at the nanowire growth temperature (~630°C) the As vapor 
pressure is higher than the Ga, favoring As to stay in the vapor phase and Ga in the 
liquid phase [56] [57]. Nevertheless, the Ga droplet formation is a necessary but not 
sufficient condition to grow nanowires: a thin layer of oxidized Si was observed to 
be necessary, both in the case of Si or GaAs substrate [58]. Our group reported a 
critical oxide thickness for sputtered oxide of 30nm on GaAs (111): below that 
thickness pinhole were formed, allowing epitaxial connection of the nanowires to 
the substrate (see Figure 9 (a)). Instead, above 30nm only randomly oriented 
nanowires were observed (see Figure 9 (b)) [59]. To date, the role of the oxide in the 
growth process was not understood. A detailed investigation on how oxide 
influences nanowires formation is presented in Chapter 3.  
 
Figure 9 Scanning electron micrographs of self catalyzed growth of GaAs nanowires on Si(100) 
on GaAs substrate coated with a (a) 6 nm and (b) 90nm thick layer of sputtered silicon oxide 
layer. Reproduced from [59], with the permission of AIP Publishing. 
As in the case of Au catalyzed, the GaAs substrate was the first one on which growth 
was achieved also for the self-catalyzed process. The topics that have been first 
investigated are also similar to the case of Au catalyzed: the influence of the process 
parameters over radial and axial growth rate [60], and the control of crystal structure 
[61]. Differently from the Au-catalyzed, the number of the catalytic droplets per unit 
area and the size are not trivial to control in the self-catalyzed approach. This 
challenge triggered the development of two main approaches to control nanowires 
density: by self-assembly (tuning the thickness of the oxide) [62], or by patterning 
the oxide surface with holes to control the nanowires position [63].  
The first reports of self-catalyzed growth of GaAs nanowires on Si substrate were 
performed on cleaved Si(100) and on Si(111) by respectively Jabeen et al. [64] and 
Paek et al. [9]. In the latter the Si surface was covered by silicon oxide, whereas 
Jabeen et al reported no oxide ( sample was loaded directly after cleaving). This work, 
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together with the report of Plissard et al. [65], are the only reported cases of nanowire 
growth without silicon oxide.  
The first reports of self-catalyzed growth on Si were also devoted to the 
understanding of the kinetic processes, as in the other cases.  The nanowire diameter 
was observed to increase with the Ga flux, and shrink at raising As fluxes [55], 
coherently with what was observed for Au catalyzed. These influences can be 
understood considering the effect of the Ga and As flux to the catalytic droplet: the 
group V flux shrinks the droplet volume by increasing the precipitation of the solid, 
whereas the group III increases it. Differently from Au catalyzed, the Ga flux was 
also observed to affect, together with temperature, the density of the nanowires and 
of 2D polycrystalline islands growth, also called parasitic material [66] [67] [68]. This 
trend is understood in terms of increased diffusion of Ga on the surface, which 
favors the formation of more nucleation sites.  Alternative approaches to control 
nanowires density have been explored, both by self-assembly and by patterning the 
oxide with holes. In the first case the well-established droplet epitaxy was used to 
form catalytic droplets with the desired density and diameter. The droplet properties 
were controlled by temperature and Ga flux, and then converted into nanowires in 
a second step [69]. A similar approach has been used to achieve lithography free 
patterning: in this case the droplets were also supersaturated to form GaAs crystals, 
and then exposed to air to define the nucleation sites. By doing so an oxide mask is 
formed around the crystals, which are evaporated once reinserted in the growth 
chamber, leaving empty holes in the oxide mask. These sites are used as nucleation 
sites for GaAs [70]. However both approaches present limitations over the yield of 
conversion of droplet into nanowires. A more common approach to control 
nanowire density is by controlling the density of the nucleation sites via lithographic 
patterning.  In this case thermally grown SiO2 is used as a mask, which is then 
patterned by e-beam lithography to define the nucleation sites. Many groups 
attempted this approach, however the reproducibility over the yield of vertical 
nanowires is still an unresolved issue [65] [71] [72] [73] [18] [74] [75].  
 Moreover, beyond the challenges of controlling nanowire density, it has to be kept 
in mind that with Si substrates GaAs nanowires can have multiple different 
orientations (see Section 1.3). Uccelli et al. investigated the origin of these multiple 
orientations and discovered that is determined both by the polarity of the nucleation 
seed, together with the multiple twinning formation [21]. Russo et al. used this 
understanding to develop a technique to control the nanowire orientation by 
increasing the V/III ratio, namely the the ratio of the flux of As over Ga. They 
suggested that the observed effect was produced by the shrinking of the droplet on 
just the (111) orientation of the orthorhombic seed crystal [76]. However no 
comparison between the size of the droplet and the size of the seed was reported.  
Also Krogstrup et al reported on the influence of the V/III ratio over the 
orientation: the lack of homogeneity over the substrate was associated to a gradient 
in temperature that affects the local V/III ratio [66]. We attempted the same 
approach to achieve control over nanowire orientation on a series of batches of 
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wafers, but unsuccessfully.  Aside of these approaches, several others have been 
developed to control nanowires orientation: Paek tried to induce the B polarity by 
exposing the Si substrate at high temperature to As overpressure, but no effect was 
observed [55]. Jabeen et al attempted predeposition of Ga previous to growth, and 
compared it with no predeposition, but no difference was observed [64]. Therefore 
the control over orientation of the nanowire is still an open question.  
2.2.2 Vapor Fluxes and other process parameters 
The process parameters that control nanowire growth are the As beam flux, Ga 
beam flux and temperature. Their influence over the nanowire properties have been 
widely investigated to gain insights in to the growth mechanism. For instance the 
growth rate was found to be proportional to the arsenic flux, exceeding the thin film 
growth rates. In other words, the observed growth rate could not be explained only 
by direct impingement of Ga and As atoms, but a diffusion/re-
evaporation/multiple-impingement induced contribution had to be considered as 
the major supplier, providing a major insight onto the growth mechanism. In the 
case of Ga, the atoms are expected to diffuse to the liquid droplet from the substrate 
to the nanowire sidewalls [60] [77] [51]. However this is not the case for As, since it 
has higher vapor pressure than Ga (i.e. more volatile). As a consequence arsenic is 
expected to get adsorbed and desorbed from the surface, acting as a second source 
of material feed to the catalytic droplet [78].  
A strong effect of the ratio between the Ga and As flux over the nanowire properties 
was observed. In the case of low V/III ratio, namely a stronger feed of Ga to the 
system, the catalytic droplet tends to increase in volume, leading to an increase in 
diameter of the nanowires [55] [79] [80]. Vice-versa, in the case of high V/III ratio 
the higher feed of As promote the shrinking of the catalytic droplet, leading to 
thinner and longer nanowires, boosting the growth rate [60] [55] [79] [80] [81]. 
Moreover the V/III ratio was also observed to influence the yield of vertical 
nanowires [76], as mentioned above. The modulation of the V/III ratio was also 
reported to affect the crystal phase formation and the density of defects, since the 
incoming fluxes modify the liquid droplet shape, which determines the crystal phase 
underneath. A deep theoretical understanding of the mechanism that lead to the 
control of the crystal phase has been developed [32] [82] [83], and very recently the 
first in situ observation of the transition mechanism was reported [44]. However, to 
date, the experimental attempts reported so far succeeded only partially in the 
control of the crystal phase in self-assembled nanowires. Researchers demonstrated 
only partially defect free nanowires [68] [66] [68], or crystal phase control from ZB 
to WZ only through highly defective transition regions [84] [79] [61].  
On a different note the effect of temperature over GaAs nanowires growth reported 
are quite diverse: control nanowires orientation by modifying the V/III ratio [66], 
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increase nanowires number density [68], decrease length [68] [41] [80] and increase 
diameter [85] [86]. 
2.2.3 Solid Substrate 
The most widely investigated substrates for GaAs nanowire growth are Si and GaAs. 
It is worth mentioning that a wide variety of substrates has actually been investigated, 
such as graphene [87], glass [88] [89], sapphire [90] and even without the need of a 
substrate [91]. However, for simplicity, we focus only on reviewing the most 
commonly used. GaAs was the first substrate on which GaAs nanowire growth has 
been demonstrated, and then Si. In both cases the crystalline orientation of the 
substrate plays a major role, determining the direction of growth of the nanowires 
compared to the substrate. In other words, if GaAs nanowires are grown on a 
GaAs(111)B wafer, they will grow perpendicular to the substrate (see Figure 10 (a)), 
whereas on a GaAs(001) wafer they are tilted by 34.5° with respect to the substrate 
(the tilt affects the growth rate because of a stronger contribution of the adatoms 
having diffused, rather than direct adsorption [21, 20].  Details on how the tilting of 
the nanowires affect their growth process can be found in [92]). 
 The root cause of the influence of the crystal orientation of the substrate over the 
nanowires tilt is the preferential growth direction of the nanowires, (111)B, which 
corresponds to the crystalline facet with higher surface energy (see Section 1.3).  
 
Figure 10 Scanning electron micrographs of self-catalyzed growth of GaAs nanowires on (a) 
GaAs (111) and (b) GaAs (100) substrates coated with a silicon oxide layer. Reproduced from 
[59], with the permission of AIP Publishing. 
In the case of the Au catalyzed process, the substrate role is only limited to provide 
the epitaxial orientation to the nanowires in order to grow them in the desired 
direction. Instead, since the achievement of the first self-catalyzed growth, the solid 
substrate acquired further importance in the process to allow the formation of the 
catalytic droplets. The technique used consisted in depositing an oxide layer on top 
of the substrate to favor the formation of Ga droplets. A growth without the oxide 
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layer does not result in nanowire growth, but only 2D polycrystalline growth. 
However, despite the importance of the oxide in the growth process few works 
investigated the influence of its characteristics (stoichiometry, porosity, thickness), 
and its preparation methods [93]. Several groups have suffered of lack of 
reproducibility by changing wafer batches for native oxide use and oxide types. In 
the following chapter a detailed investigation of the influence of the different types 
of oxides on the growth process is presented. 
 
 
2.3 Nanowire Properties and Applications 
As introduced in Section 1.3, nanowires present novel properties that would not be 
possible with bulk materials. The new engineering possibilities attracted the interest 
of a wide community of researchers for a broad range of applications. 
An example of these novel properties is the possibility of combining materials with 
different lattice constant, without forming defects at the interface. The confined 
diameters allow elastic relaxation instead of plastic, enhancing the materials design 
freedom beyond the possibilities of bulk phase. A good example is the case of Ge 
and Si: they have a 4.2% lattice mismatch and different thermal expansion coefficient 
which causes high density of dislocations at the interface. These misfits act as 
recombination centers, which in a case of a device severely compromise its 
performances. However, by combining the two materials in nanowires geometry 
Falub and workers demonstrated epitaxial growth of Ge on Si micrometer pillars 
free of defects [94].  
Another new possibility generated by the novel geometry is bandgap engineering 
using the strain at the interface of the materials. For instance, in the case of Si it 
could be used to transform Si into a direct bandgap semiconductor, a holy grail for 
Si based photonic devices [95]. Nolan and coworkers studied the nanowire band-
gap modification, showing band structure modulation with lattice strain [96], 
specifically with tensile strain enhancing the direct band-gap characteristic. A 
successful example of bandgap engineering was demonstrated with GaP, where 
Assali and coworkers demonstrated the conversion from indirect bandgap to direct 
by controlling the crystal structure [97].  
The range of applications where nanowires have demonstrated potential is broad 
and in continuous expansion. Here we report few examples (shown in Figure 11), 
such as (i) solar cells, (ii) LED, laser, photodetectors, (iii) transistors, (iv) 
chemical/biological sensors, photocatalyst and (v) thermoelectrics [98]:  
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Figure 11 Scanning Electron Micrographs of different nanowire applications: (a) InP axial 
nanowire solar cells. Adapted from [99], with the permission of Science/AAAS. (b) GaN 
nanowire LED of glō® [100]. (c) Example of a GaAs nanowire used as photodetector [101]. 
ZnO nanowire used as ethanol sensor. Adapted from [102], with the permission of AIP 
Publishing. (e) GaAs nanowire wrap gate transistor [103]. (f) Example of Si nanowires 
employed as thermoelectric device. Adapted from [104], with the permission of Nature 
Publishing Group.   
 
(i) The solar cell is one of the potential application that attracted interest in 
our group. As mentioned in Section 1.3, the enhanced absorption, the 
new degree of freedom of radial heterostructures and the minimization 
of material usage are all very appealing properties for PV. Atwater and 
coworkers were the first to investigate the opportunities of nanowires in 
this field in 2005 [105]. The first device demonstrations were achieved 
few years later with axial and radial p-i-n Si nanowires, reporting 
efficiencies of respectively 0.5% and 4.8% [106] [107]. GaAs followed 
few years later [108].  Since then much progress has been made, as 
demonstrated by the 13.8% of efficiency for InP axial nanowires p-i-n 
junction array from J. Wallentin and coworkers demonstrates (see Figure 
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11 (a)) [99]. The potential of nanowires for PV applications goes beyond 
the classical thermodynamic limits (Shockley–Queisser limit [8]), as the 
work from P. Krogstrup and coworkers demonstrated [15]: the 
enhanced light absorption is produced by the light-concentrating 
property of the standing nanowire, which implies new limits for the 
maximum efficiency obtainable. 
 
(ii) The range of applications that involve the control of light emission find 
in nanowire’ geometry promising characteristics. To mention a few, 
nanowires have a high difference in refractive index with respect to air 
and dimensions which confine light into smaller dimensions than 
dielectrics. Moreover the elongated geometry acts as waveguide, which 
leads to very high radiative quantum yield (~90-100%), a very important 
property for both LED, photodetectors and laser (see Figure 11 (b)-(c)). 
For the latter the nanowire offers a simplified design, since it acts as both 
gain medium and cavity. Additionally, the shape of the tip can be adapted 
to improve photon extraction and low spatial dispersion, easing the 
collection by common optics [109]. As in the case of the photovoltaic 
application, the possibility to combine materials with different lattice 
constant enhances the design freedom. In the case of laser the first 
example of optically driven laser was reported by Huang et al. in 2001 
for zinc oxide (ZnO) nanowires [110], which set the ground for the 
development of the electrically driven nanowire lasers in 2003 [111]. 
However, to date, no electrically driven laser for axial or radial junction 
has been realized. Among the reasons are the doping and the electrode 
design challenges. On a different note, Heiss and coworkers 
demonstrated the self-assembly of a high-quality bright quantum-dot in 
nanowires using two basic components, GaAs and AlAs [112].  
 
(iii) For sensing application the large surface area of the nanowires is an 
interesting property for both chemical and biological sensing, as well as 
catalytic surface, providing potential enhanced/extended 
sensitivity/reactivity [113] [102] [114]. An example of chemical sensor is 
shown in Figure 11 (d). 
 
(iv) In the case of transistors the geometry again plays an important role, 
allowing a uniform gate (wrap gate, as shown in Figure 11 (e)) that avoid 
any potential leakage at the nanoscale, which is an issue with other 
geometries. The first example of a nanowires transistor was reported for 
the case of core shell geometry by Xiang and coworkers, with a field-
effect transistors [115]. 
 
(v) In the case of thermoelectrics, nanowires can combine poor thermal 
conductivity and high electrical conductivity, key factor in maximizing 
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thermopower to have efficient thermo-electric devices [116] [104]. An 
Example of a Si nanowire employed in a thermoelectric device is 
reported in Figure 11 (f). 
 
2.4 2.4 Molecular Beam Epitaxy  
Molecular Beam Epitaxy (MBE) is the technique of our choice to fabricate 
nanowires. It was invented in the 1960s at Bell Labs by John R. Arthur Jr. and Alfred 
Y. Cho as epitaxial thin film deposition. The peculiarities of the technique are the 
Ultra-High-Vacuum, low deposition rates (~3μm/h), and extreme purity of 
elemental sources. These characteristics make MBE grown films the best in purity 
and crystal structure.  
The underlying physics which govern the process is rather simple: the elemental 
sources in ultra-pure form (~99.999999%) are evaporated or sublimed to generate a 
flux of materials going towards the targeted surface. The latter is heated to allow the 
mobility of the incoming atoms on the surface, so that they can re-arrange epitaxially. 
By changing the material fluxes, heterostructures with sharp interfaces can also be 
formed.   
 
Figure 12 Schematic drawing of an MBE system 
Such a simplicity is achieved thanks to sophisticated technologies: Knudsen effusion 
cells to finely tune the atomic fluxes of materials (see Figure 12), cryogenic pumps 
and cryopanels to keep the UHV conditions and reflection high energy electron 
diffraction (RHEED) to monitor the crystal layer growth rate. This technological 
effort is necessary to keep the extreme conditions at which the system operates, such 
as effusion cells at >~1000°C and pumps at -259°C. These conditions are needed 
to achieve the high quality structures. For instance, the UHV conditions are 
fundamental to fulfill the molecular beam conditions, since the atoms’ mean free 
path has to be bigger than the growth chamber. Such a design avoid potential 
contamination of the substrate: all atoms that are not  impinging on the substrate 
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directly from the  effusion cells diffuse until trapped from the cryopanels (cold 
traps).  
 
The main components that forms an MBE machine are: 
? A UHV system as the one shown in Figure 13, which is sequence of stainless 
steel chambers with different functions, all connected via a robot arm but 
separated by gate valves to avoid cross contamination. The main chambers in 
our system are: 
o  A central distribution chamber (CDC), from which the robot arm 
control the transfer to all the other cluster of chambers.  
o A load lock chamber, where the samples are loaded. It is the only 
chamber that reaches atmospheric pressure. 
o A degassing chamber, used for the only purpose of heating the 
substrate after loading to remove potential impurities from the surface. 
o A hydrogen chamber to further clean the surface under H flux. 
o A storage chamber where the samples sits after degassing or growth. 
o Two growth chambers where the effusion cells are located, in which 
growth is performed.  
 
Figure 13 Schematic of the DCA P600 MBE machine, with all the UHV components. 
All the above mentioned components need to be able to withstand bake-out 
temperatures of 200°C for extended periods of time. This process is used 
whenever a component is exposed to air, to reduce the internal walls 
desorption (or outgassing) of material. 
? Knudsen cells, or effusion cells, where the elemental sources sits (see Figure 
12). In our system the elemental sources installed were Ga, As, In, Al, Sb and 
Si and C for doping. The key component of the cells are: 
o A heating unit, which is controlled by a proportional-integral-derivative 
controller (PID) to improve temperature stability. 
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o A shutter, which allows abrupt interruption or start of fluxes, crucial 
for sharp heterostructure interfaces. 
? The substrate manipulator, which rotate the substrate smoothly to have 
homogeneous material distribution over the surface of the substrate (see 
Figure 12). At the same time, the manipulator is equipped with a heater to 
control the growth temperature. 
?  A pyrometer to measure the temperature on the surface of the substrate 
during growth (see Figure 12).  
? A RHEED system, to measure the growth rate of the thin film. The system 
is composed by: 
o An electron gun that generates the beam of electrons (see Figure 12). 
o A photo-luminescent screen to observe the diffraction patterns. 
The electrons collide at small angle on the surface, and a small part of them 
interferes constructively at specific angles, generating a diffraction pattern on 
the photo-luminescent screen. The interference depends on the location of 
the atoms on the sample surface. The spots of the diffraction pattern fluctuate 
in intensity periodically, following the formation of a single atomic layer. 
Therefore the frequency of oscillation over a period of time are used to 
calculate the number of monolayers grown.  
? Cooling system, composed from a cascade of different pumps: scroll pump, 
turbo pump, cryopumps and cryopanels. This extensive set of pumps is 
needed to maintain UHV (10-10 torr) since each type has a different range of 
pumping capabilities. The system is crucial for MBE to avoid cross-
contamination of the cells, and desorption from the walls.   
 
 
2.5  Summary 
In this chapter the VLS formation mechanism of the nanowires has been explained 
in general, and for the specific case of the self-catalyzed GaAs nanowires growth. 
The influence of each one of the three different phases, vapor, liquid and solid 
over the nanowires growth has been presented. The inter-play between each other 
have been explained: the vapor fluxes control the dimension of the droplet, and 
the contact angle of the droplet control the crystal phase formation. The solid 
control the orientation of growth of the nanowires, and determine its morphology 
and feasibility. However, within the influence of the solid phase, the role of the 
oxide has not been yet clarified.    
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3 Role of the silicon oxide in the growth of GaAs 
nanowires on Si 
 
In the previous chapter we have reviewed the VLS growth mechanism of nanowires. 
The influence of each phase onto the growth process has been outlined: given a 
catalyst, the vapor fluxes control the volume of the droplet, its supersaturation and 
contact angle, determining the crystal structure. The liquid phase influences the 
nanowire’ aspect ratio, and plays an important role in the sharpness of 
heterostructures’ interfaces. For the solid phase more complex considerations has to 
be taken into account, since it changes over time: at the early stages of growth the 
solid phase is the substrate, but when nanowire growth is already initiated the solid 
phase is the nanowire.  In the latter case, the shape of the nanowire-catalytic droplet 
interface was observed to control the crystal phase purity of the nanowire [44].  On 
the other hand, in the case of the early stages of growth, the substrate influence was 
not widely investigated. Apart from the influence of the wafer crystal orientation 
onto nanowire orientation, no other surface properties influence on the growth 
process had been studied. The need of a silicon oxide layer to achieve nanowire 
growth had been reported from several groups with different oxides, thicknesses 
and growth conditions, but no comparison study has been done. The goal of this 
chapter is to compare the influence of oxide physical characteristics on the nanowire 
growth, to achieve reproducible and uniform results over the full wafer. The 
information gathered brings new elements to unveil the role of the oxide in the 
growth process.  
3.1  Introduction 
Since the first self-catalyzed growth was achieved, silicon oxide became an important 
parameter in nanowires growth. To date, few reports show successful growth 
without oxide [86] [64] [65], and the only works that aimed to understand the role 
of oxide in the growth process were performed on GaAs substrate [59], or for InAs 
nanowires on III/V substrates [117]. In both cases a layer of sputtered oxide was 
used, and no vertical nanowire growth was observed above a certain thickness. 
Nevertheless, these “critical” thicknesses reported were different (5nm for [117] and 
30nm for [59]), even though the same type of silicon oxide was employed (sputtered 
oxide). The mechanism proposed to explain the role of the silicon oxide in nanowire 
growth involves the opening of “craters” in the oxide layer above 500°C. However 
no dependence on the silicon oxide nanoscale characteristics (i.e. chemical 
composition, roughness) was reported. Moreover silicon oxide can be produced by 
a wide variety of techniques, such as sputtering, thermal oxidation and chemical 
deposition. Rieger and coworkers investigated the influence of the thickness of a 
resist produced oxide (Hydrogen Silsequioxane HSQ) on the nanowire density for 
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GaAs substrates, and reported an increase in nanowire density when thinning oxide 
layer [62]. In this case the thinning of the oxide was associated to an increase in 
density of the pinholes. 
In the case of Si substrates, few works compared the influence of different oxide 
preparation techniques in nanowire growth [86] [65]. Despite that, little surface 
characterization had been performed to understand the influence of the surface 
properties on the growth process. One should note that successful nanowire growth 
have been achieved with a wide variety of silicon oxides, but no direct comparison 
between them has been done to understand their effect. At the same time in our 
group we were experiencing lack of reproducibility when using bare Si wafers directly 
from the boxes, lack of uniformity over the wafer scale, and dependence of growth 
conditions upon wafer batches. We therefore made the hypothesis that the oxide 
properties and the lack of reproducibility were correlated. To verify whether or not 
the oxide was responsible of these reproducibility and uniformity problems we 
characterized the chemical composition by means of attenuated total reflection 
(ATR) FT-IR spectroscopy, surface roughness by Atomic Force Microscopy (AFM), 
and thickness via ellipsometry for the different types of oxides, in order to 
understand the difference in properties between each other’s.   
3.2 Types of Silicon Oxide  
The most common types of silicon oxide are: 
• Native oxide, naturally formed on the “fresh” silicon surface exposed to air, 
therefore to oxygen. 
• Thermal oxide, achieved by oxidation at high temperature (800°C-1200°C) 
under controlled flux of oxygen or water (also called “wet oxide”). 
• Sputtered oxide, which is obtained by a physical vapor deposition method. 
Silicon oxide is ejected from a target onto the desired Si substrate. The oxide 
ejection can be performed by a wide variety of techniques (e.g. ion or reactive 
sputtering). 
• HSQ oxide, obtained by annealing Hydrogen Silsesquioxane resin, previously 
spun on the substrate, annealed under Nitrogen flux at low temperature 
(200°C-400°C) for ~2h [118] [119]. 
All these different silicon oxides have different physical and chemical properties. 
Even though many of them have been known for more than 50 years, only recently 
their mechanism of formation was understood. In the case of native oxide the 
growth of the oxide is monolayer by monolayer triggered from a radical propagation 
mechanism [120] [121], without increasing surface roughness. The thickness of the 
oxide layer formed is affected by oxygen and water content in air, and also by the 
type and level of doping of the substrates [122]. An example of the oxidation process 
of Si which leads to the growth of the native oxide is shown in Figure 14 (a), for Si 
(111) substrates (10-20 Ω∙cm), under controlled conditions (21°C±0.5, 44% 
humidity). The initial steps of oxidation result in a fast growth of the native oxide 
27 
 
thickness, which progressively slows down, to saturate at ~1.6-1.7nm. The native 
oxide SiOx present a gradient of composition from the surface to the Si interface: 
the closer to the surface the more x is close to 2 (i.e. stoichiometric), whereas by the 
Si interface x is less than 2 (sub-stoichiometric) [123], as shown in Figure 14 (b). 
 
Figure 14 (a) Native oxide thickness evolution as a function of time. (b) Chemical composition 
evolution as a function of oxide thickness. 
Thermal oxide growth is driven by a chemical reaction [64] that follows the Deal-
Grove model [124]. The latter includes a first diffusion step of the oxygen to the 
solid interface, a second diffusion through the existing oxide layer to the silicon 
oxide/silicon interface, and the reaction of the oxygen with Silicon. Each step 
proceed at a rate that is proportional to the oxygen concentration. This oxide is the 
more chemically stable since it is mainly formed by SiO2, and the compositional 
gradient of suboxide to the interface with Si decay extremely rapidly [125]; the oxide 
also presents also extremely low roughness [126]. 
Sputtered oxide and includes a variety of different techniques such as plasma or ion. 
The morphology and stoichiometry of the oxide are determined by the processing 
parameters such as temperature, rate of evaporation and vacuum quality. If the 
process is performed at low temperature and poor vacuum the oxide structure can 
be more porous and with lower oxygen content (SiOx where x<2), whereas if the 
temperature and vacuum is high, higher O content is obtained, with low porosity.  
HSQ oxide is obtained by a transformation of a cage structure to a network in the 
range of 200°C – 400°C, while SiH4 is released in gas phase generating porosity in 
the surface [119] [118]; in such a process temperature is the most important 
parameters for the morphology of the surface.  
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3.3 Outlook 
In a first place, given the variety of types of silicon oxides with which successful 
nanowire growth had been achieved, we chose a representative selection of them, 
which included thermal oxide, native oxide and HSQ oxide. We characterized their 
chemical composition by IR Spectroscopy, the surface morphology by AFM and the 
thickness by ellipsometry. The different oxides presented different chemical 
compositions, and different critical thicknesses for nanowire growth, which were 
observed to be correlated to the characteristic roughness. For instance thermal 
oxide, the most stoichiometric oxide, presented a critical thickness of 1-2nm and a 
comparable roughness (see Figure 15). 
 
Figure 15 Scanning Electron Micrographs of self-catalyzed growth of GaAs nanowires on Si 
(111) coated with a layer of thermal oxide with a varying thickness from 0 to 3nm (from left 
to right). The inset (b)-(d) presents magnified sections at different oxide thickness. 
 When using lower oxygen content oxides such as HSQ growth of vertical nanowires 
was achieved at higher oxide thickness, 4-5nm, and comparable roughness. We then 
explored the parameter space (i.e. T, Ga flux and As flux) to achieve similar nanowire 
properties in terms of number density and diameter, and correlated the change in 
growth conditions to the surface properties such as roughness, stoichiometry and 
oxide thickness. We observed lower temperature and Ga rate growth conditions for 
more sub-stoichiometric rougher oxides than for instance thermal oxide.  
This first work was also instrumental for us to optimize nanowire growth and its 
reproducibility: controlled native oxide demonstrated reproducible and uniform 
results over the full wafer.  However, we showed that the native oxide properties 
changed depending on time and conditions of storage of the substrates before 
delivery. To circumvent this problem we developed an in-house technique to 
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fabricate reproducibly and consistently the oxide layer. The process developed was 
formed by two steps:  
? Etch away the original oxide layer from the wafer with an HF etch. 
? Let the wafer oxidize in cleanroom conditions of humidity and temperature 
(21°C±0.5, 44%Humidity).  
Once we could consistently control the native oxide thickness at the sub-nanometer 
level we investigated the influence of the oxide thickness on the GaAs nanowire 
growth. The outcome was surprising: by tuning the oxide layer thickness between 
0<x<2nm, the growth morphologies changed from 2D polycrystalline, to high 
density high yield of vertical nanowires, to low density low yield (see Figure 16 (a)-
(g)). The change in nanowire density was of more than 2 orders of magnitude, and 
the diameter more than doubled.  
The outcome of this study was to identify a simple reproducible method to grow 
high yield high density of vertical nanowires. At the same time it also raised questions 
on the causes of this abrupt change in behavior for a variation of oxide thicknesses 
of less than a nanometer. To shed some light on this question we characterized the 
oxide surface properties by depositing Ga in identical growth conditions. For 
constant deposition times we observed a change of the contact angle of the Ga 
droplet from 50°  up to 116° for oxide thicknesses from 0.3nm up to 1.5nm, as 
shown in see Figure 16 (h)-(n). At the same time, also the Ga droplet dimensions 
changed with the oxide thickness, as shown in see Figure 16 (o)-(u): they went from 
2μm in diameter for 0.3nm oxide, to 60nm for the case of 1.5nm oxide. These results 
suggested a change in the surface properties with oxide thickness. To probe the 
changes in surface energy (i.e. wettability) and chemical compositions at different 
oxide thicknesses, we performed microscopic contact angle measurements and XPS 
measurements. This allowed us to correlate the changes in wetting properties to a 
variations in oxide stoichiometry, which also corresponded to different oxide 
thicknesses. The next logical step was to evaluate the influence of these parameters 
on the growth process. To assess the influence of the oxide stoichiometry on thermal 
stability we performed annealing experiments with different oxide thicknesses. We 
observed a correlation with thickness: the thinner the layer, the more prone to local 
evaporation and holes formation, and vice-versa. At the same time, Ga collection 
was observed to be selective to the oxide layer openings where the bare Si(111) was 
exposed, meaning that Ga could not be stably collected on the oxide, but only in the 
holes. This confirmed that the holes generated in the oxide films by annealing are 
the only nucleation sites for Ga, and their formation is dependent on the chemical 
composition. These insights may explain the dramatic change in nanowire 
density observed at different oxide thicknesses: thin native oxides (<1nm) are less 
stoichiometric, consequently less thermodynamically stable and more prone to 
evaporate. Upon annealing, more holes are generated on the surface, collecting more 
Ga and nucleating more droplets than thicker oxides (>1nm), where less holes are 
formed.  
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Nevertheless, the increase of tilted nanowires observed between 1nm to 1.5nm was 
still not well understood. We therefore assumed that the different surface properties 
would influence the droplet positioning, and that the latter could determine the 
growth morphology and nanowire orientation. To verify such a hypothesis we 
approached the problem from a computational standpoint: we used a software 
(surface evolver [127]) to calculate the energy cost of allocating the Ga droplet in 
different positions, at different wetting properties (which corresponded to the 
different oxide thicknesses). Then, to be able to predict the droplet behavior, we 
assumed that the system would adopt the more energetically favorable configuration 
(i.e. the less costly). As a result we observed that, depending on the wetting 
properties of the surface, which were observed to change with oxide thickness, the 
droplet assumed different configurations at constant volume. More in detail, the 
model developed showed that the surface properties of a thicker oxide allowed 
different droplet configurations. The latter were demonstrated to lead to multiple 
growth morphologies, as observed experimentally.  On the other hand, in the case 
of a thinner oxide (~1nm), the energy distinction between the different 
configurations was much larger, allowing only the ones that lead to vertical nanowire 
growth (as experimentally observed).  
The outcome of this study was of having developed a model, which is capable of 
bringing new insights on all the different growth morphologies simply by taking into 
account the changes in surface properties observed at the different oxide 
thicknesses.   
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Impact of the Ga droplet wetting, morphology, and 
pinholes on the orientation of GaAs nanowires.  
Federico Matteini†, Gözde Tütüncüoglu†, Dmitry Mikulik†, Jelena Vukajlovic-
Plestina†, Heidi Potts†, Jean-Baptiste Leran†, W. Craig Carter§ and Anna Fontcuberta 
i Morral†,* 
  
†Laboratoire des Matériaux Semiconducteurs, École Polytechnique Fédérale de Lausanne, 
1015 Lausanne, Switzerland. 
§Department of Materials Science and Engineering, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 02139, United States 
 
Ga-catalyzed growth of GaAs nanowires on Si is a candidate process for achieving seamless 
III/V integration on IV. In this framework, the nature silicon’s surface oxide is known to have 
a strong influence on nanowire growth and orientation and therefore important for GaAs 
nanowire technologies. We show that the chemistry and morphology of the silicon oxide film 
controls liquid Ga nucleation position and shape; these determine GaAs nanowire growth 
morphology. We calculate the energies of formation of Ga droplets as a function of their volume 
and the oxide composition in several nucleation configurations. The least energy Ga droplet 
shapes are then correlated to the orientation of nanowires with respect to the substrate. This 
work provides the understanding and the tools to control nanowire morphology in self-assembly 
and pattern growth. 
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 In addition to InP, GaAs is well known to be among the most promising and best performing 
semiconductor materials for photovoltaic application because it has a direct  bandgap [1]  [2]. 
However, the high material cost has limited commercial applications. Direct integration of 
GaAs nanowires on Si is a potential solution to reduce material consumption and increase cost 
competitiveness [3].To achieve a reliable and high-yield production method, several hurdles 
exist. Among the different techniques used to produce nanowires, the Vapor Liquid Solid (VLS) 
technique is the most established: it involves a liquid phase (the catalyst), a solid phase and a 
vapor phase.  We choose self-catalyzed (i.e. Ga catalyzed) growth to avoid contamination of a 
foreign catalyst into the nanowire and consequent defect formation of deep trap impurities [4] 
[5] [6] [7]. Several groups have studied the adoption of the self-catalyzed or catalyst-free 
growth of GaAs nanowires from GaAs to silicon substrates [8] [9] [10] [11] [12] [13] [14] [15] 
[16] [17] [18] [19] [10] [11] [20] [21] [22] [23]. Most of these studies focus on steady-state 
growth and not the initial stages of Ga nucleation on the surface oxide. 
  Recently, we reported the influence of the native silicon oxide’s surface energy on the yield 
and characteristics of nanowire growth morphology and orientation with respect to the substrate 
[23]. In this work, we identify the mechanisms that lead to the different growth orientations.  
First, we show that the composition of the SiOx determines the wetting of Ga droplets as well 
as their localization via the formation of pinholes.  
The SiOx layers of different thicknesses were obtained by controlled exposure times of bare 
Si wafers in a controlled humidity ambient, as reported in [23].    In Figure 17, we report the 
SiOx (a) wetting properties and (b) chemical composition as function of the oxide thickness.  
Figure 17 (a) shows in green stars the surface energy that would be perceived by a polar liquid 
at different oxide thicknesses. In this case no trend is observed. However, if we consider Fowkes 
model [24], the surface energy ?? of a substance is broken into independent components: a 
polar, ??, that includes Coulombic forces and any other type of dipole interaction, and the 
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dispersive, ??, that derives from van der Waals forces and any other non-dipole related 
interactions. To assess the effect of the oxidation state the Ga/SiOx interfacial energy, we are 
only interested in the dispersive component, because Ga is a non-polar liquid.  Given the three 
unknown (??? ??? ??), we performed macroscopic (~μl) contact angle measurements with polar 
(water and ethylene glycol) and non-polar (diiodomethane) liquids. These independent 
observations are used to calculate???, which is reported in red squares in Figure 17 (a). Only 
the dispersive component, ??? , of the surface energy changes appreciably with thickness. 
????decreases with increasing thickness  and therefore the contact angle decreases with thickness 
as well. To confirm that the observed trend in contact angle corresponded to a change in ??? 
and not to nanostructuring of the Si surface in islands of oxides we characterized the surface 
roughness of all the SiOx layers by Atomic Force Microscopy (AFM). The surface roughness 
was very low (RMS=±0.2nm) for all layers, within AFM tolerance (±0.2nm) and  no pinholes 
were observed at this stage. Therefore, the hypotheses of the cause of the change in ????are that 
the principle dispersive contribution derives from (i) the Ga/Si non-polar interaction across the 
SiOx film, and from (ii) a change in chemical composition of the SiOx which lead to different 
surface energies of the film. In case (i) the interaction energy derives from a 1/r6 body-body 
integration across the film thickness [25]. To verify the contribution of (ii) in the change of 
contact angle we measured the SiOx oxygen composition by X-ray Photoelectron Spectroscopy 
(XPS) on the different films. The results are shown in  Figure 17 (b) as function of SiOx film 
thickness. The Si oxygen content has been calculated with the method presented in [26] (the Si 
2s, 2p and O XPS data and interpretation are available in the SI). The oxidation state of silicon 
increases with the oxide thickness and becomes stoichiometric SiO2  beyond 1.4-1.5 nm 
thickness. These results are consistent with literature [23]. In summary, 1) we observe that 
increasing oxide thickness the chemical composition of the oxide changes towards SiO2, the 
thermodynamically more stable form of oxidized silicon; 2) the change in chemical 
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composition correlates with decreased wetting (i.e., increased contact angle) of Ga droplets on 
the SiOx film. 
Since the first publications on Ga-assisted growth of GaAs nanowires, it has been recognized 
that pinholes have a central role in nucleating and fixing the droplets on the substrate [27] . 
Furthermore, pinholes that protrude to the underlying Si substrate produce an epitaxial relation 
between the nanowire and the substrate layer during the growth process [27] [28]. However the 
pinhole formation mechanism is uncertain. To understand whether or not pinholes are formed 
in the oxide and if Ga plays a causal role in pinhole formation, we investigated the surface of 
thermally treated Si wafers after the thermal cycling used for growth (same procedure presented 
in [23]). We used a Si wafer with a 1.5 nm oxide. Figure 18 (a) shows the AFM characterization 
performed right after the thermal cycle: pinholes of sizes of ~30nm are observed in the oxide 
layer. Insets A & B in Figure 18 (a) show the hole profiles. The depth is comparable to the 
oxide thickness. Because we did not observe any surface nano-structuring before the thermal 
cycling, we conclude that form upon heating at 750°C in UHV (as already reported by [29] [30] 
[31] [32]): Ga is not necessary to form pinholes.  
We turn now to the role of pinholes in the nanowire growth. We would like to understand if 
both nanowires and polycrystalline growth, which we will call parasitic growth, start from a 
pinhole, or whether only nanowires start from pinholes and parasitic growth nucleates on the 
oxide. With this purpose, we repeated the thermal cycling prior to growth with the addition of 
Ga deposition for different time periods, comparing the density of Ga droplets and the density 
of pinholes. The droplet density was measured by Scanning Electron Microscopy (SEM), and 
the pinhole density has been measured via AFM after removing the Ga droplets with chemical 
etching (HCl 37% Vol, 25 min). The results are reported in Figure 18 (b): the density of droplets 
and pinholes is plotted as a function of different Ga deposition times: these densites are 
perfectly correlated. This observation leads to the conclusion that oxide pinholes are the 
nucleation points for Ga droplets. The selectivity of Ga deposition on bare Si agrees with 
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previous reports [33] [34]. Both pinhole and droplet density increase with deposition time. 
Because the deposition is performed at high temperature, additional pinholes are formed during 
the process. Further information on the characterization of pinholes and their formation process 
can be found in the supplementary information.   
To summarize, the SiOx film’s oxygen content increases with film thickness and saturates at 
x=2 around 1.5 nm. Ga becomes increasingly non-wetting as the SiOx film’s thickness 
increases. Ga is not necessary for pinhole formation because form during thermal treatment in 
UHV. 
These surficial film observations are used to model nucleation and growth of nanowires.  The 
experimental observation of the evolution of the shape of small liquid Ga clusters in nanometer 
size holes is extremely challenging.  Here we use a numerical approach to compute the three 
dimensional wetting configurations. We assume the liquid droplets adopt their energy-
minimizing shape at any given volume. Furthermore, we consider several possible wetting 
configurations and compute their volume-dependent minimal energy. For this purpose we used 
Surface Evolver, a program for minimizing energy of surfaces [35].  
As a first step in modeling we considered all different possible catalyst droplet configuration 
in the pinholes and for the different observed contact angles [23], as illustrated in Figure 19. 
Figure (a) represents the case of a droplet sitting inside the center of a hole, (b) of a droplet 
sitting in a corner inside a hole, (c) of a droplet wetting the walls of a hole, (d) a “spilled” 
droplet wetting the inside of a hole and also spilled one of the abutting SiOx surfaces, and (e) a 
droplet symmetrically spilled onto both SiOx surfaces abutting the pinhole (the computations 
were performed in three-dimensions, the two dimensional graphics in Figure 3 are for 
illustrative purposes). The energy difference between configurations are expected to influence 
the nucleation and growth morphologies. The Ga(l)/GaAs(s) equilibrium contact angle is 
observed and reported [36] [37] to be bigger than 116°, whereas the Ga/SiOx (1<x<2) 
equilibrium contact angles are always smaller than 116° (50°<θ<116°).  In other words, when 
  
54 
 
supersaturation is reached and the first layer of GaAs is formed, the droplet tend to populate the 
energetically more favorable Ga(l)/SiOx interface (if still existing).  
In the cases of a droplet sitting inside the center of a hole (a) and sitting in the corner of a 
hole (b) (see Figure 19) in a supersaturated environment, nucleation is more likely at the more 
favorable Ga/Si(111) interface instead of Ga/GaAs; if the particle touches both surfaces, a 
Marangoni force will drive the droplet towards the Ga/Si(111) interface. This will lead the 
droplet to fill the hole, being therefore equivalent to the droplet wetting the walls of a hole (c).  
The latter will most likely lead to the formation of vertical nanowires (see Figure 19 (c)), 
because there is no misbalance in the forces that would tend to tilt the droplet with respect to 
the substrate. This is not the case for a droplet that covers the inside of a hole and the spills 
assymetrically on the SiOx (d), since the formation of Ga/GaAs interface will result in a net 
force to the droplet to spill out of the hole (see Figure 19 (d)). The “crawling” of the droplet 
should then be more significant in the case of low oxide thickness (i.e. θ<90; thick. <~1nm), 
since the difference in contact angles before and after the formation of a GaAs nucleus is higher 
compared to thicker oxides (i.e. θ>90; thick. >~1nm ). The abrupt change in droplet shape might 
lead to either the formation of polycrystalline material on the surface, or of tilted nanowires.  
The homogeneously spilled droplet configuration (e) will behave differently depending on 
whether the Ga/SiOx equilibrium contact angle is larger or smaller than 90o. The case θ>90° 
will lead to vertical nanowires, whereas in the case of θ<90°, the Ga/SiOx interface will be more 
favorable. In this case the droplet will spill towards the oxide, producing polycrystalline 
material on the SiOx or horizontal nanowires. In conclusion, the initial droplet configuration 
determines the final growth morphologies.  
We turn now to the calculation of the probability of finding each proposed configuration. 
This can be written as: 
????????
??
?????  (1) 
  
55 
 
 Where ??????is the nucleation probability of the droplet, ?G is the Gibbs free energy, kb is 
the Boltzmann constant and T is the temperature. The Gibbs free energy can be written as: 
?? ? ???? ? ? ?????   (2) 
 Where ??? is the volumetric component and ? ?????  is the interface component. The 
interfacial energy component is computed from the minimizing surface, and its value will 
depend on which surfaces the droplet contacts. In other words, the droplet configurations (a)-
(e) will have different nucleation probabilities. Combining the two equations, we can see that 
the nucleation probability is higher for droplet configurations exhibiting a lower interface 
energy component for an equivalent droplet volume.   
We calculated the energy associated for different droplet configurations at different volumes 
and for different oxide compositions and thicknesses (i.e. different Ga/SiOx equilibrium 
contact angles θ= {59°, 76°, 82°, 94°, 98°, 106°, 116°}, as measured experimentally in [23]). 
Since we did not know the dimensions of the holes at nucleation, we performed the 
calculation for a range of hole width to height ratio from 2<w/h<20. For simplicity we report 
here only the w/h=2, the other results, including a detailed discussion of the influence of the 
aspect ratio of the hole are available in the supplementary information. The results are 
summarized in Figure 20 : (a), (b) and (c) show the energy cost as a function of volume for 
the Ga/SiOx equilibrium contact angles θ of 59°, 94° and 116°. The units of the axes are 
dimensionless, so that the results can be generalized to different material systems. On the x-
axis we plot the filling percentage of the holes (e.g. when Vliq/Vhole=1, the hole is full of 
liquid), whereas the y-axis has the total surface energy normalized by the liquid surface 
energy multiplied by the squared hole height. Each curve corresponds to a different droplet 
configuration, and the color background corresponds to the lower energy configuration in 
each volume range (see sketch above Figure 20 (c)).  In (a) we observe that at low volume 
ratios (0< Vliq/Vhole <0.64), the lowest energy configuration is the droplet sitting in a corner of 
the hole. Whereas in the range of volume ratios up to 1.28, the minimal energy droplet wets 
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the walls of the hole and stay pinned to the edges of the hole. Beyond that volume, the droplet 
will tend to spill symmetrically. However, the non-homogeneous spill is energetically very 
close (see Figure 20 (a)). We expect the statistical differences between the symmetric and 
non-symmetric spilled cases to be small.  
A similar trend of transition from droplet sitting in the corner of a hole to wet the walls is also 
observed in the case of θ=94° and θ=116°, but the transitions from bottom corner, to wetting 
the walls happens at respectively larger volume ratios compared to the θ=59° (for θ=94°; 
Vtrans=0.7, whereas for θ=116°; Vtrans=0.74). For the transition from wetting the walls to spilled, 
the transition volumes are similarly increased (for θ=94°; Vtrans=1.64, whereas for θ=116°; 
Vtrans=2.08). Consideration of the simulation results of the energy transitions (Figure 20) for 
the different wetting configurations (Figure 19), we conclude and experimentally observe the 
following: 
? In the case of θ=59°, the Ga/SiOx interface is more favorable to form than the 
Ga/GaAs, therefore leading either to nanowires or to 2D polycrystalline growth, 
depending on the volume (i.e., minimizing droplet configuration) at which the 
nanowire nucleation occurs (see Figure 20(a) and Figure 21 (a)). To verify this, we 
performed a 15 sec GaAs growth on Si(111) coated with a SiOx layer of 0.5nm (which 
give the 59° Ga/SiOx contact angle), for 15 sec, in order to be able to observe the early 
stages. The result is shown in Figure 21 (c): the growth morphologies attained were 
vertical nanowires and 2D growth VLS driven, consistent with the prediction. Figure 
21 (e) show a growth performed under identical conditions but for 1h growth time, to 
illustrate the evolution of the process.  
? In the case of θ=94°, the energetically favorable configurations (see Figure 20 (b)) 
are either wetting the pinhole walls or symmetrically spilled (respectively the 
configuration in Figure 19 (c) and the configuration in Figure 19 (e)), depending on 
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when the solid GaAs nucleation will happen (i.e. Ga droplet volume). For this 
equilibrium contact angle both the configuration, wetting the walls and symmetrically 
spilled, would lead to vertical nanowire formation, as illustrated in Figure 21 (b)—
there is no tilting of the droplet with respect to the substrate. However, in the volume 
range > 1.64 the non-symmetric spill of the droplet (configuration in Figure 19 (d)) 
is energetically close to the homogeneously spilled droplet, potentially leading to 
significant amount of 2D polycrystalline growth. Also in this case we attempted to 
verify experimentally the prediction by growing GaAs nanowires on a 0.9nm oxide 
layer for 15 sec to observe the early stages of growth (the incubation time had been 
previously measured to be ~10 sec [23]). The results in Figure 21 (d) show vertical 
nanowires of different lengths and diameter, which may reflect that GaAs nucleation 
occurred both in the prior and post-spilling scenarios presented above. Figure 21 (g) 
illustrate the growth after 1 hour, yielding to a high-density forest of vertical 
nanowires.  
? In the case of θ=116°, all the configurations have very similar energies (see Figure 
20 (c)), which would not tend to select a particular droplet configuration, and therefore 
different growth morphologies (2D polycrystalline growth, vertical and tilted 
nanowires). These potential scenarios are drawn in Figure 21 (c). The GaAs nanowire 
growth attempt on oxide thicknesses of ~1.6nm (i.e.  θ=116°) for 6 min (the 
incubation time had been previously measured to be ~5min [23]) is shown in Figure 
21 (e). A combination of vertical and tilted nanowires was observed, consistent with 
the simulation results. Their evolution after 1h is shown in Figure 21 (h).  
Our calculations are consistent with the observations that correlate the oxide properties, 
equilibrium configuration of the Ga droplets and growth orientation of the nanowires, the 
combination of the hole dimensions, droplet volume, and surface energy condition the growth 
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morphology (i.e. vertical nanowire, tilted, or polycrystalline). Nevertheless, since hole 
formation in the self-assembled growth is distributed over time and so far cannot be controlled, 
the achievement of only vertical nanowire will depend on controlling the pinhole geometry and 
evolution.  
In conclusion, the native oxide thickness determines the chemical composition of the surface, 
its thermodynamic stability at high temperature and its wetting properties. These changes 
influence formation of holes in the oxide film, which determine Ga droplet volume and 
curvatures, and the droplet configurations within the pinhole. The latter determines the 
nanowire nucleation time and the growth morphology.  The engineering of the wetting 
properties of the oxide can control the orientation of the nanowires. These results can be 
generalized for the case of patterned growth, as preliminary results in the SI point out, and can 
be extended to different material systems. 
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Figure 17 (a) Evolution of the surface energy as a function of native oxide thickness. The 
dispersive surface energy was calculated with Fowkes method from the contact angle 
measurements performed with polar (water and ethilen glycol) and non-polar (diiodomethane) 
liquids. (b) Evolution of the Silicon oxidation state as a function of the native oxide thickness. 
The oxidation state of Si has been calculated with the method described in [26] using XPS 
measurements on different native oxide thicknesses.  
  
60 
 
 
 
 
Figure 18 (a) AFM scan of a 1.5 nm native oxide on Si (111) substrates after thermal annealing 
at 750C for 45min. The insets A & B show the profile of holes in the oxide that were not 
observed before the thermal annealing. (b) The area density of holes and of Ga droplets at 
different deposition times. The oxide thickness was 1.5nm. The hole density and diameters were 
measured by AFM after etching Ga with 25 min HCl etch.  The plot shows that the density 
correlate perfectly and that holes are formed during the process. 
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Figure 19 Diagrams of hypothetical droplet configurations prior to nanowire nucleation.  The 
computations presented in this paper were three dimensional, as shown at the top. The diagrams 
are used to illustrate the various configurations for simplicity. In orange to yellow the SiOx 
(1<x<2) layer is represented, whereas bare Si is beige and liquid Ga in grey and GaAs is brown. 
The first column presents the droplet configurations before nucleation of the GaAs, the second 
column the early stages of growth, and in the third column the consequent nanowire 
configuration. In (a) the droplet is formed in the center of the hole, where the liquid phase form 
an interface only with bare Si (111).  (b) Shows the bottom corner droplet configuration, where 
the liquid form an interface with bare Si (111) on the horizontal plane, and with SiOx on the 
vertical wall of the hole. In (c) the droplet is in contact with both sides of the pinhole. (d) Shows 
the configuration of an assymetrically “spilled” droplet which wets only one side of the abutting 
SiOx film. In (e) the case of symmetric spill of the droplet is represented. Its evolution towards 
a nanowire depends on the contact angle: if θ>90° we observe nanowires (as shown here), 
whereas θ<90° leads to parasitic growth (not shown).  
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Figure 20 Representation of the energy vs volume curves of the different droplet 
configurations with (a) 59°, (b) 94° and (c) 116° degrees of Ga to SiOx contact angles. 
The green curve represents the droplet at the center of the hole configuration, the blue 
curve the bottom corner droplet, the red curve the droplet wetting the walls of the hole. 
The orange curve the symmetrically spilled droplet, the black curve is for the non-
uniform spilled droplet, and the purple curve the assymetrically spilled droplet wetting 
the bottom of the hole and not one of the pinhole sides. The background colors refer to 
the energetically most favorable configuration as function of the volume, as sketched 
above (c). 
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Figure 21 (a) - (c) illustrate the energetically most favourable droplet configurations and 
their evolution upon nucleation of the GaAs, for Ga/SiOx equilibrium contact angles of 
59°,94° and 116° respectively. In (c) -(e) the SEM micrographs of GaAs nanowire 
grown on Si (111) coated with 0.5nm, 0.9nm and 1.6nm of native oxide are shown. The 
growth times of (c) - (e) correspond to the characteristic incubation time of each oxide 
thickness, which is ~15 sec for 0.5nm and 0.9nm oxides, and ~6 min for the 1.6nm oxide 
(the incubation times were determined in [23]). (f) - (h) Show the nanowires grown 
under the same conditions of (c) - (e) after 1 hour.   
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3.5 Summary 
In this chapter we have investigated the role of the silicon oxide in GaAs nanowire 
growth. We first have identified roughness, stoichiometry and thickness as key 
parameters for nanowire growth. Native oxide was further investigated for its simple 
fabrications steps and excellent results. The surface properties in terms of wetting 
and chemical composition were observed to be dependent on oxide thickness. The 
chemical composition was observed to be responsible of the thermal stability of the 
oxide, which determined nanowire density. The wetting properties determined the 
droplet positioning, which controlled the growth morphologies and nanowire 
orientations. These investigations provided valuable results both on an experimental 
and theoretical level. On the experimental level, it brought a simple reproducible 
method to have high density high yield of vertical nanowires, and on the theoretical 
level it provided the understanding of the role of the oxide layer in the growth 
process. The knowledge developed paves the way towards the possibility of having 
vertical nanowires independently on the oxide thickness. These results can also be 
extended in the case of patterned growth. 
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4 Mastering nanowire properties for light interaction 
 
In the previous chapter we have investigated how the characteristics of of the silicon 
oxide affect the growth process. It was observed to influence growth morphology, 
nanowire orientation and density. More in detail, by controlling its thickness we could 
control nanowire orientation consistently. The latter, as presented in Section 1.4, is 
fundamental for photovoltaic applications. The other milestones for the 
development of GaAs nanowire solar cells that still had to be accomplished were the 
control over diameter and density. This chapter is dedicated to the investigation of 
the growth mechanisms that control nanowire diameters and density. 
4.1 Introduction 
The control of nanowire density and diameters has been demonstrated to be crucial 
to achieve the accurate design of the individual junction for nanowire-based solar 
cells [15] [18]. Despite its importance, the general approach to the topic consisted in 
individual studies of either one of the properties, instead of considering their relation.  
Many works have investigated the influence of the process parameters, such as vapor 
fluxes and temperature in Ga-assisted growth of GaAs nanowires, on the nanowire 
diameter. The increase of Ga flux was observed to enlarge the catalytic droplet, 
leading to broader nanowire diameters [55] [79] [80]. Differently, an increase in the 
As flux was reported to shrink the Ga droplet, leading to smaller nanowire diameter 
[60] [55] [79] [80] [81]. The influence of temperature on the diameter is more 
complex: Tersoff demonstrated that, given a specific temperature and a combination 
of vapor fluxes, there is only one stable droplet diameter and volume [128]. On the 
experimental level, a temperature increase is expected to enhance diffusion up to a 
critical temperature, enlarging the nanowire diameters. Beyond the critical value, 
desorption is fostered, resulting in a diameter decrease. This critical temperature was 
observed to be ~620°C [129] [93]. A more exotic approach has been attempted by 
Kizu and coworkers: they employed an alternating supply of the fluxes to foster Ga 
migration and shrink the nanowire diameter [130]. In a different approach, in the 
case of patterned growth, where the number of nucleation sites is lithographically 
defined, the nanowire diameter was tuned by exploiting the shadowing effect: a 
smaller spacing between the nanowires shrinks the diameters, increasing the 
competitiveness of the growth process, where a Ga atoms can feed several 
nanowires. Vice-versa, when nanowires are more spaced, an incoming Ga atom can 
diffuse and feed only one nanowire, increasing the feed and therefore also the 
diameter [131].  
In the case of nanowire density, several groups reported a dependence from 
temperature and Ga flux. From a qualitative standpoint, the increase of Ga flux 
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resulted in a rise of nanowire density, since more material is available on the surface 
to form new droplets [67] [79]. Also an increase in temperature was observed to 
increase nanowire density, by fostered Ga mobility [68] [67]. More original 
approaches to control nanowire density have been attempted by means of droplet 
epitaxy related techniques. Somaschini and coworkers pre-deposited the catalytic 
droplets by means of droplet epitaxy on bare Si or Si coated with native oxide, and 
supersaturated them under As flux. In a second step they exposed the substrate to 
air to oxidize the rest of the surface, and used the supersaturated droplets as nanowire 
seeds [69]. A similar approach had been developed by Hakkarainen and coworkers: 
the supersaturated droplets were then used as sacrificial templates. These seeds were 
evaporated in the MBE to use their location as nucleation sites [132]. Bietti and 
coworkers simplified the whole process eliminating the need of an oxide layer and 
the exposure to air step, and directly using the supersaturated droplets as nanowire 
seeds [133]. The droplet to nanowire conversion process was also demonstrated to 
be efficient. The drawback of this approach was the high density of polycrystalline 
material formed at the bottom of the nanowires due to the high Ga collection, which 
is generated by the absence of a masking oxide.  
4.2 Outlook 
In our investigation we decided to focus on the self-assembly approach and study 
the behavior of diameter and density as an ensemble, to gather deeper understanding 
of the nanowire growth governing mechanisms. We first explored the effect of 
temperature and Ga flux over diameter and density. The results are shown in Figure 
1Figure 22 (a): higher temperature lead to higher nanowire density, but also to 
broader diameters, and larger Ga flux lead to higher density but also larger diameters. 
These observations were coherent with what reported from other groups, as 
mentioned in Section 4.1. This preliminary experiments showed a clear correlation 
between diameter and density: the larger the density, the larger the diameters and 
vice-versa. However, in the case of the different Ga fluxes, we observed also a change 
in the breadth of the diameter distribution of the nanowires: the Ga flux increase 
resulted in a progressive narrowing of the distributions. We investigated the matter 
more in detail in collaboration with Professor V.G. Dubrovskii, and performed a 
kinetic model, where we considered nanowires nucleation to be time dependent. 
Nanowires were not considered to start growing at the same time, but to have a 
certain characteristic incubation time before starting to grow (see Figure 22 (b)). This 
model provided the insight of a Ga flux dependent incubation time: at higher Ga 
flux, all the nucleation events were verified in a narrow window of time, leading to 
finer length and diameter distributions. Instead, at low Ga flux, the nucleation events 
were more spread over time, leading to broad distributions.  
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Figure 22 (a) Diameter-density relation of nanowires grown at (blue line) increasing Ga fluxes 
(0.5,0.75 and 1 A/s) and increasing temperature (604, 624 and 645°C). (b) Time dependence 
of the nucleation rate as a function of the Ga flux. (c) Diameter-density relation of the two 
step Ga fluxes growth. 
This understanding of the initial stages of nanowire growth was instrumental to 
develop diameter-density combinations that were not possible with a classical 
approach (see Figure 22 (c)). We introduced a two-step Ga fluxes growth: the first 
Ga flux was used to tune the density and the distribution width, and the second step 
to tune the diameter. To demonstrate the effect of diameter tuning over the nanowire 
optical properties we measured the reflectivity of the nanowire’s forests. The 
nanowire diameter demonstrated to affect the reflection of the ensemble, as expected 
from the theoretical predictions. The simulations predict a boost of light absorption 
around 800nm for nanowire diameters ~150nm. In a similar fashion, in Figure 23 
(b) the reflectivity of the GaAs nanowires’ ensembles grown with the two steps Ga 
approach show a decrease in reflectivity at ~800nm for nanowire diameters that 
approach the ~150nm.    
 
Figure 23 (a) Simulated light absorption of a GaAs nanowires perpendicular to the Si substrate. 
Reprinted by permission from Macmillan Publishers Ltd: Nature Photonics [15], copyright 2013. 
(b) Reflectivity of the GaAs nanowire forest grown with the two-step Ga, compared to the 
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reflectivity of a GaAs wafer (dashed line). The increase of Ga flux at the second step progressively 
increases the diameters and enhances the light absorption. 
. 
4.3 Papers included in the chapter 
 
I. Tailoring the diameter and density of self-catalyzed GaAs nanowires 
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Nanotechnology 26 (2015) 105603 
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4.4 Summary 
In this chapter we have investigated the underlying mechanisms in GaAs nanowire 
growth that control the density-diameter relations. We have studied the effect of Ga 
flux and temperature on the nanowire properties. These observations lead to the 
development of a kinetic model that consider the characteristic nucleation time 
controlled by group III flux and temperature, which controls the diameter and 
density distributions of GaAs nanowires. This understanding was leveraged to grow 
nanowire forests with tailored diameter-density distribution. We also measured the 
optical properties of nanowire forests as a function of their diameters and density 
and compared them to what is expected from the theoretical predictions, showing 
the coherent behavior between them.  
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5 Conclusions 
 
In this thesis we have investigated the growth related aspects of GaAs nanowire 
growth on Si for photovoltaic applications. Our approach was VLS mechanism 
driven, Ga-catalyzed, via self-assembly, by means of MBE technique. We first 
identified the key properties to pave the way for the development of nanowire based 
photovoltaic technologies: the nanowires diameter needed to be controlled to 
optimize light absorption, nanowire density to minimize material utilization 
and nanowire orientation to build symmetric junctions. The control of these 
properties and the understanding of the underlying mechanisms that influences them 
were the objective of this work.  
We investigated the steps before nanowire growth and the early stages of it. A 
particular focus was given to the influence of the silicon oxide in the growth process, 
since its role was not yet clarified. We first characterized oxides produced via 
different fabrication techniques, such as native oxide, thermal oxide and Hydrogen 
Silsesquioxane. The different processes resulted in oxide films with different 
chemical composition, roughness, and critical thickness to achieve nanowire growth. 
With this first work we identified surface roughness, oxide stoichiometry and 
thickness as key parameters in nanowire growth. This preliminary study was also 
instrumental to choose to further investigate native oxide for its uniform properties 
and simple fabrication steps.  
By controlling the native oxide thickness on the sub-nanometer level, resulted 
in subtle changes in wettability and chemical composition as function of oxide 
thickness. We demonstrated a correlation between oxide chemical composition 
and its thermal stability. This insight together with the selective collection of Ga 
in the holes formed into the oxide film, explained the change in density of nucleation 
sites, material collection and nanowire density at different oxide thicknesses. The 
wetting properties and the aspect ratio of the holes in the oxide film determined 
the droplet positioning, which controlled the growth morphologies and 
nanowire orientations. Achieved control over the latter, the nanowire properties 
left to be mastered were diameter and density. We studied the underlying 
mechanisms that control them via Ga flux and temperature. We discovered them 
to influence the start of nanowire growth, and described the mechanism with a 
kinetic model. The latter considers the characteristic nucleation time to be controlled 
by Ga flux and temperature, which control the diameter and density 
distributions of the nanowires. The insight was instrumental to develop a novel 
approach to grow nanowire forests with tailored diameter-density distribution. 
To demonstrate the modification of the optical properties of the nanowire 
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ensembles as a function of their diameters and density we measured the 
reflectivity of arrays with comparable density but different diameters. 
 On the experimental level this work lead to a simple reproducible method to have 
high density high yield of vertical nanowires, and provide the tools to tune their 
diameters to tune light absorption. On the theoretical level it provided the 
understanding of the role of the native oxide layer in the growth process: upon 
exposure to high temperature in UHV it locally evaporates, leading to the 
formation of holes in the film. These discontinuities are the nucleation sites where 
Ga gets collected. The wetting properties of the film, together with the aspect 
ratio of the holes play a major role in controlling the growth morphology. Large 
aspect ratio holes produce either tilted nanowires or polycrystalline material, 
depending on the wetting properties. The knowledge developed can also be extended 
to the case of patterned growth and paves the way towards the control of nanowire 
orientation independently on the oxide thickness.  
To summarize, in this thesis we have demonstrated the importance and the role of 
the oxide layer in nanowire growth as key parameter to control nanowire orientation 
and density. We have also proven the relevance of the early steps of growth to tune 
nanowire properties, which need to be mastered for high performance photovoltaic. 
We believe this work provides fundamental insights from both a fundamental and 
application point of view, paving the way for the development of GaAs nanowire 
photovoltaic technologies.  
 
5.1 Future Outlook 
The work described in this thesis contributes to the continuing trend of 
understanding the fundamental aspects involved in nanowires growth to better 
achieve control other their properties. The novelty presented here consist in the 
consideration of the surface properties’ influence in the VLS growth. The detailed 
investigation of the chemical composition, wetting properties and thickness of the 
oxide layer showed the variation of its surface properties. The tailoring of them 
demonstrated their influence over the growth process resulting in different 
morphologies.  The responsibility of the oxide’ chemical composition in the pinhole 
formation, in the wetting and in the droplet positioning had been identified. These 
findings put in a different light the growth process: surface properties have to be 
considered to achieve reproducible high yield of vertical nanowires, on top of the 
other process parameters (e.g. Ga flux, As flux and growth temperature). At the same 
time this work open new challenges.  
Achieve control of the wetting properties independently of the native oxide thickness 
is one of them.  A successful outcome would allow high yield of vertical nanowires 
with narrow diameter and length distributions, independently on nanowire density 
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and oxide thickness. In this direction, surface treatments to engineer the wetting is 
worth to be investigated, as well as the catalytic droplet alloying to tune the surface 
tension. 
Specifically for the self-assembly case, an ultimate challenge lays in controlling holes’ 
formation in order to remove any polycrystalline formation from the surface and 
have exclusively vertical nanowire. To explore this opportunity, localized doping of 
the bare Si surface to then regrow the oxide layer on top is one of the possibilities to 
deepen the understanding of the hole formation and its localization.  
Nevertheless, the present work also impacts the pattern growth. In this field the 
exploration of new hole geometries from a modeling standpoint, and their influence 
over droplet positioning can potentially lead to new designs which can tune growth 
morphology independently of oxide thickness and wetting properties. 
On a more fundamental note, given the change of surface properties at different 
oxide thicknesses, it is reasonable to expect different Ga diffusion lengths depending 
on the oxide. The measurements of those would supply valuable inputs for the 
modeling, where so far only constant diffusion lengths had been considered. A 
deeper grasp of the fundamental steps of growth would also provide useful insights 
in a device perspective, to better understand doping incorporation in nanowires and 
structures of different size and geometries. Finally, from an application standpoint 
the optimization of the junction design, the development of the effective surface 
passivation methods and contacts are crucial to open the way to the development of 
nanowire technology for photovoltaic applications. In this mindset, the transfer of 
the MBE developed knowledge to more scalable techniques such as MOCVD 
technique would further pave the way to the technology price-competitiveness.  
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Appendix 
In this appendix the Supplementary Information of the publications I, II, III, and 
IV are reported. 
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SI Publication II 
Supporting Information Available 
Oxide Thickness 
The reliability of the ellipsometry measurements was assessed by AFM. The 
oxide thickness of the oxidized Si (111) wafer was first measured by 
ellipsometry, then patterned with a periodic array of microdots and etched with a 
BHF solution (7:1) for 2 minutes. The result of this process was an array of 
equally spaced microdots of native silicon oxide on Si (see Figure 24 (a),(b)). 
The measured oxide thickness by ellipsometry was 1.2±0.2 nm. The AFM scans 
(Figure 24 (a),(b)) report a step height of ~1.3±0.2 nm (see Figure 24 (c)), 
confirming the reliability of the ellipsometry measurements.  
Nucleation time and native oxide thickness 
In order to investigate the influence of the native oxide thickness on nanowire 
nucleation we performed Reflection High Energy Electron Diffraction (RHEED) 
experiments. In the case of 1.0nm oxide thickness we observed nucleation (i.e. 
the characteristic diffraction pattern of ZB) below 10 seconds, whereas at 1.1,1.2 
and 1.7nm the measured nucleation time was respectively 34, 140 and 400 
seconds (see Figure 25 (a)). For comparison purposes, the samples, on which 
the RHEED experiments were performed, were grown for 5min (excluded the 
  
97 
 
1.7nm sample which was grown for 7min).  The SEM micrographs are reported 
in Figure 25 (b)-(e): (b) at 1nm of oxide a high density of nanowires with 
diameter below 40nm and length ~500nm is observed. (c) Already at 1.1 nm a 
decrease in nanowire length is observed. The same trend is observed at 1.2 and 
1.7nm, together with a decrease in nanowire density. The SEM micrographs are 
in agreement with the delay of the nucleation time induced by the native oxide 
thickness. The small nanowire diameter obtained at 1.7nm of oxide thickness 
after 5min  (see Figure 25 (e)) are in agreement with the small droplet diameter 
(~60nm) observed at 1.5nm oxide. Therefore the apparent contradiction of the 
increasing nanowire diameter and shrinking droplet diameter at raising oxide 
thickness is understood as follows:  for high oxide thickness (>1.3nm), the 
nanowire diameter is small at the early steps of growth due to the small Ga 
droplets given by the poor wetting of the oxide. However, the nanowire diameter 
dramatically increases   during growth, because of the high material feed related 
to the low density of nanowires. 
Ga droplets and pin-hole formation 
The result of the Ga deposition at different oxide thicknesses is shown in Figure 
26. Even though the Ga deposition conditions were kept identical, a dramatically 
different droplet dimension was observed: at ~0.1nm of oxide thickness, 
droplets of diameter above 2μm were observed (see Figure 26 (a)), whereas at 
oxide thicknesses of 0.4, 0.6, 0.9, 1.1, 1.2 and 1.5nm the droplets showed a 
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progressively decreasing diameter, down to ~60nm (see Figure 26  
(b),(c),(d),(e),(f) and (g) respectively). The trend in droplet diameter also 
corresponds to a trend in volume of Ga observed on the Si substrate, as shown in 
Figure 2 (g) of the manuscript.  
To proof the selective Ga droplet formation in the holes of the native oxide 
produced by heating, we removed the droplet and scanned the surface by 
Atomic Force Microscopy (AFM). The Ga was selectively removed by a 20 min 
dip in 37% HCl, which does not etch Si or SiO2. In Figure 27 (a)-(c) the SEM 
micrographs of the Ga deposited on respectively 1.1, 1.3 and 1.7nm of native 
oxide are shown. In Figure 27 (d)-(f) the AFM scans of the 1.1, 1.3 and 1.7nm  
samples after Ga removal are reported: they show they show the presence of 
holes of size smaller or equal to the size of the droplets, with a density 
comparable to the droplet density. The outcome of this experiment is supported 
by previous observations about holes nucleation in native oxide of Watanabe 
and co-workers,1,2  and of selective Ga deposition on Si (111) of Shibata and co-
workers.3,4  
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Figure 24 (a-b) AFM scan of the edge of a microdot of native oxide on Si (111) obtained 
by photolithography and BHF etching.  (c) Height profile of the scanlines.  
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Figure 25 GaAs nanowire nucleation time measured by RHEED at different native oxide 
thicknesses on Si(111) substrates. SEM micrographs of the grown nanowires on 1.0, 1.0 
and 1.2nm of oxide after 5min, and on 1.7nm of oxide after 7min. (respectively 
(b),(c),(d) and (e)). The scalebar is 200nm. 
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Figure 26 SEM micrographs of Ga deposition at 640°C for 5 minutes on Si (111) 
substrates. The latter were covered by a native oxide thickness of 0.1 (a), 0.4 (b), 0.6 (c), 
0.9 (d), 1.1 (e), 1.3 (f) and 1.5nm (g). The scalebar is 200nm. 
 
Figure 27 SEM micrographs of Ga droplets formed with 5 minutes Ga deposition at 
640°C after on Si(111) substrates after the degassing step. The native oxide thickness 
was 1.1nm (a), 1.3nm (b) and 1.7nm (c). AFM scans of the surface of the respective 
different samples ((d) 1.1nm, (e) 1.3nm and (f) 1.7nm) after selective Ga etch (37% HCl, 
20min) are shown. 
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SI Publication III 
Supporting Information Available 
XPS on different native oxide thicknesses 
To characterize the chemical composition of the native silicon oxide at different 
thicknesses we performed X-ray Photoelectron Spectroscopy (XPS). Via this 
technique we determined the oxidation state of Si from its binding energy. As 
references of no oxide we used a Si(111) wafer etched with HF on which we 
directly performed XPS (0.1nm); as fully oxidized stoichiometric SiO2 we took 
a Si(111) coated with 17nm of thermal oxide, produced in an oxidizing furnace 
at ~1000°C. The different native oxide thicknesses were prepared with the 
method presented in [1]. The results reported  in Figure 28 (a), (b) and (c) show 
respectively the binding energy spectra for Si2s, Si2p and Oxygen for native 
oxide thicknesses of 0.1, 0.5, 0.7, 1.0, 1.2, 1.6nm and 17nm thermal oxide. In 
Figure 28 (a) the Si2s metallic peak is centered at 150.5eV, whereas the 
oxidized Si peak progressively grow in intensity at thicker oxide, and also shift 
its position towards higher binding energy (SiO2 is centered in 155.3eV). This 
suggest a gradual increase in Silicon oxidation by increasing oxide thickness. 
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Figure 28 (b) shows the Si2p metallic peak centered in 99.2eV, and the oxidized 
Si peak progressively increase in intensity and shift towards higher binding 
energy (103.2eV) (see inset expanded view). Also the observation of the Si2p 
bands behavior suggest an increase in Si oxidation with increased oxide 
thickness. 
In Figure 28 (c) the oxygen binding energy spectra is reported. The peak grow 
in intensity by increasing the native oxide thickness.  The observations of the 
shifts in binding energy for Si2s, Si2p, and the increased intensity for Si2s,Si2p 
and O are coherent and support the interpretation of a change of chemical 
composition at different native oxide thickness. 
 
 
Influence of oxide thickness over holes behavior at high T 
In the section above we have demonstrated that the native oxide chemical 
composition changes with thickness. At the same time, in the main text, holes 
are observed to be formed upon annealing at high temperature in UHV. These 
two observations raise the question of the influence of the oxide’s chemical 
composition on holes formation. Intuitively, we would expect that the chemical 
composition of the oxide, strongly linked to its thermodynamic stability, would 
influence the holes formation. However the experimental verification of such a 
hypothesis is challenging for oxide thicknesses below 1nm (demanding to 
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observe randomly distributed holes of thickness <1nm via AFM).  To overcome 
the technical hurdle and investigate the influence of oxide thickness (i.e. 
chemical composition) over holes formation at high temperature we first studied 
the correlation between droplets and holes at different deposition times (see 
Figure 24 (a)). The droplet and hole diameters were measured on the same 
samples but in different locations with respectively AFM and SEM. Both holes’ 
and droplets’ diameters were observed to grow at increased deposition time, but 
droplets were always observed to be bigger. Since droplets and holes have 
shown to behave coherently at different deposition time, we can assume that 
investigating droplet behavior is equivalent to holes. We therefore performed 
several Ga deposition experiments on different oxide thicknesses at different 
deposition times to understand on the influence of oxide thickness (i.e. chemical 
composition) over holes. The diameter measurements are reported in Figure 24 
(b) as a function of the Ga deposition time for oxide thicknesses of 0.5nm, 
0.9nm and 1.6nm. In all the three cases droplets’ (i.e. holes) diameters were 
observed to increase, but at radically different rates: the thinner the oxide, the 
faster the growth rate, and vice-versa.  These different behaviors can be 
understood in light of the oxide properties dependence on oxide thickness: thin 
oxides have low stoichiometric composition (i.e. thermodynamically more 
unstable) than the thicker ones. Therefore the thin oxides (<~1nm), since they 
are thermodynamically less stable and have less material tend to evaporate 
faster, resulting in a faster holes’ diameter growth than the thick oxides (>1nm). 
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The latter have more material and are more thermally stable, therefore resulting 
in slow holes’ diameter growth rate. 
Figure 24 (c) shows the droplet number density as a function of deposition time 
for different oxide thicknesses (0.5, 0.9 and 1.6nm). Three completely different 
behaviors are observed: the droplets density (i.e. holes) at 0.5nm diminishes at 
increased deposition times, whereas at 0.9nm it first grows, peak, and decrease. 
Differently, at 1.6nm the droplets’ (i.e. holes) density show a low but steady 
increase.  
These apparently uncoherent results can be understood considering the different 
chemical compositions (i.e. thermodynamic stability) associated to the oxide 
thickness. When the oxide thickness is at 0.5nm the silicon oxide has lower 
stoichiometry than 0.9nm, and 1.6nm (i.e. lower thermal stability), leading to a 
more rapid oxide evaporation and hole formation. This interpretation is 
supported by the time series growth performed for 0.5nm oxide of 15sec and 1h 
reported in Figure 30 (a)-(c). The red arrows in (a) and (b) point at small Ga 
droplet which start to form already after 15 sec of growth. The widespread 
accumulation of Ga lead to the formation of a 2D polycrystalline film, as shown 
in (c). In view of these observations, together with the selective deposition of Ga 
on Si(111), thin oxide layers (<1nm) sub-stoichiometric oxides are demonstrated 
to evaporate faster than thick oxides (>1nm), forming holes more easily. Above 
a certain holes’ density they merge, leading to a density decrease and to the 
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formation of oxide islands. This transition is well observed in the case of the 
0.9nm, where density increase, peaks and decrease. In other words, the lower 
oxide thickness (0.5nm) is at more advanced oxide evaporation stage, where 
holes merge and only a decrease in density is observed. Instead, the higher oxide 
thickness (1.6nm), being thermally more stable, needs more time to evaporate, 
leading to a uniform increase of density over time. Similar behavior of oxide 
evaporation in thin silicon oxide films were reported by other groups [2] [3] [4], 
supporting our interpretation of droplets diameter and density as a function of 
oxide composition (i.e. thickness).  
The current observations can also explain the nanowire density behavior at 
different oxide thicknesses reported in [1]: nanowire density was observed to 
drop progressively, increasing oxide thickness. If we consider that holes are the 
nucleation sites for droplets formation, and thus also for nanowires, the current 
holes’ behavior at different oxide thicknesses explain those observations. At 
increasing oxide thickness (>~1nm) its thermal stability raise, leading to a 
diminished holes’ nucleation rate, leading to less droplets, and therefore to less 
nanowires.  
Vice-versa, decreasing oxide thickness, the oxide thermal stability deplete, 
leading to higher holes’ density formation, more droplets, and thus more 
nanowires.  
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Influence of the hole aspect ratio over droplet configuration 
In the main text the energy vs volume curves of droplets in different configurations for 
different Ga/SiOx contact angles with a hole aspect ratio (width over height w/h) of 2 
were presented. In this section we investigate the influence of the aspect ratio of the holes 
over droplet positioning. In other words, we calculated the energy cost of each droplet 
configuration at different volumes in holes with different geometries, with a w/h of 2, 5 
and 20. The results for 116° and 94° Ga/SiOx contact angle are presented in Figure 31 
(a)-(c) and (d)-(e) respectively.   Each curve correspond to a different droplet 
configuration, and the background color refers to the lowest droplet energy configuration 
for a specific range of volumes, illustrated on top of each plot. For (a)  the transitions are 
from a droplet sitting in a corner, to a droplet wetting the walls of the hole ( 
V/Vhole=0.74), to a uniformly spilled droplet ( V/Vhole=2.08). From a qualitative 
standpoint, the energy curve of each different configuration is similar, suggesting the 
possible presence of also other configurations. However, increasing the w/h ratio to 5 and 
20 (see Figure 31 (b),(c)) the scenario changes dramatically. The energy cost of the 
configurations of a droplet wetting the walls (red dashed), the spilled uniformly and non-
uniformly (orange and black dashed) increase radically with respect to the droplet sitting 
in a corner (blue dashed), or non-uniformly spilled touching the bottom of the hole (purple 
dashed). It is important to bear in mind that the latter non-symmetric configuration lead 
to the formation of either tilted nanowires or polycrystalline growth. It is also interesting 
to note that increasing the w/h ratio to 20, the stability of a droplet sitting in a corner is 
extended up to 10 times the volume of the hole (in the case of w/h=2 the volume was 0.74 
Vhole). A similar trend is observed also for the 94° Ga/SiOx contact angle, shown in Figure 
31 (d)-(f). Differently, the transitions from droplet sitting in a corner to non-uniformly 
spilled touching the bottom of the hole are verified at lower volume with compared to the 
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116°, as already observed in the main text. The results obtained suggest an influence of 
the aspect ratio of the hole over the yield of vertical nanowires: the broader the holes, the 
lower the yield of vertical nanowires. Since this trend could not be verified in the case of 
growth by self-assembly because we have no information of the hole aspect ratio at 
nucleation, we compared the results to the case of pattern growth. In the latter, the holes 
are defined by e-beam lithography into a thick (>10nm) layer of thermal oxide. In each 
pattern, the distance between the holes (called pitch) and the dimensions of the holes were 
changed. Interestingly, the most successful results were always achieved in the case of 
low aspect ratio (nominally w/h=1.5, measured w/h=~5 ), whereas an increase of the latter 
resulted in a dramatic decrease of the yield of vertical nanowires, as shown in Figure 32 
(a) and (b).  
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Figure 28 XPS spectra of native oxide layers of different thicknesses on Si (111) wafers. 
(a), (b) and (c) show respectively the Si2s, Si2p and Oxygen peaks.  
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Figure 29 (a) Diameter evolution at different Ga deposition time for droplets and holes. 
The oxide thickness was ~1.5nm.  (b) Droplet diameter and (c) density evolution at 
different deposition time for three different oxide thicknesses (0.5nm, 0.9nm and 1.6nm).  
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Figure 30 SEM micrographs of GaAs growth on Si(111) coated with 0.5nm oxide 
thickness for 15 sec (a),(b) and 1h (c).   
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Figure 32 Representative SEM images of GaAs NW growth on the patterned samples 
demonstrating the influence of the aspect ratio of the hole over the yield of vertical 
nanowires. The oxide thickness, determined by ellipsometry, is 18 nm for both samples. 
Pitch is 1000 μm and 2000 μm for (a) and (b) respectively. The scale bar and tilt angle 
are 2μm and 20˚ for both images.  
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SI Publication IV 
Supplementary information: Details of calculations of the nucleation rate 
and size distributions of self-catalyzed GaAs nanowires 
Here, we present the details of the growth model and the derivation of the 
time-dependent nucleation rate, length and radius distributions of self-induced 
GaAs nanowires, based upon Eqs. (1) to (5) given in the main text. 
Applying the asymptotic Eq. (3) (from the main text) for 35N uniformly 
for all t in Eq. (1) for 1n  and using again the strong inequality 353533 NKNK ?? , 
which is a good approximation with our accuracy [S1], we arrive at 
33
2/1
55335
3 )2( IntIIK
dt
dn ?? ? .                                                                                                      
(S1) 
Solving this differential equation with the initial condition 0)0(3 ??tn , we obtain 
? ?2/333 )/(32)( tttgItn ??? ,                                                                                                           
(S2) 
with the function )(yg  given by 
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???
y x
y
x
edxeyg
0
3/1)( .                                                                                                                     
(S3)  
Here, ])(3/[4 2/133
3/4 IKt ?? is the characteristic nucleation time interval for Ga 
droplets. It is seen that )(yg increases with y as 3/2)2/3( y for small y and 
decreases as 3/1?y at large y . According to the first equation in Eq. (1) and Eq. 
(4) of the main text, the corresponding nanowire nucleation rate has the form 
? ?2/320 )/( ttgJdtdNJ nwnw ??? ? ;  ???
y x
y
x
edxeyg
0
3/1)( ,                                                                
(S4) 
which is Eq. (5) of the main text. This solution describes the nucleation pulse 
whose duration increases for larger t? , with the shape given by the universal 
function 2g .       
We now consider the nanowire growth itself. According to the model 
described in detail in Ref. [S2], the nanowire elongation rate is proportional to 
the difference between the impinging atomic As flux and desorption flux, while 
surface diffusion of As can be neglected [S3,S4]. In contrast, Ga is not expected 
to desorb from the droplet at temperatures below 650oC, but can easily migrate 
from the nanowire sidewalls to the droplet. The increase of the droplet volume 
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is determined by the effective Ga to As imbalance. These considerations yield 
the nanowire elongation rate and the radial growth rate in the form [S2] 
C
dt
dL ? ;  
R
BA
dt
dR ?? ,                                                                                                               
(S5) 
with coefficients 
)( ,5,535 deseff IIC ??? ; 
)(
)( ,5,5,3
3
deseffeff IIIf
A ???? ? ; 
333
3 sin
2
)(
??? IfB ?
?? .                                                                                                              
(S6) 
Here, ?2sin/IIeff ? are the effective droplet fluxes for both Ga and As beams, ?
is the contact angle of the droplet at the nanowire top ( ?? 135o according to our 
post-growth measurements), assumed as being time-independent, 
]sin)cos1/[()]cos2)(cos1[()( ????? ????f is the geometrical function which 
determines the droplet volume at a given nanowire radius R , 35? = 0.0452 nm3 
is the elementary volume per GaAs pair in the solid state [S5], ??3 0.02 nm3 is 
the atomic volume of Ga in the liquid [S6], desI ,5  is the As desorption flux from 
the droplet, 3?  is the effective diffusion length of Ga on the nanowire sidewalls, 
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and ?3? 45o is the incidence angle of the Ga beam. The Ga adatom diffusion 
flux is taken here in the simplest form RIconst 33?? . More complex diffusion 
scenarios can be mastered in line with the approach of Refs. [S5].  
 Our analysis (see below) shows that the coefficient A is always negative 
in these growth conditions. Therefore, the length of a nanowire which has 
emerged at the moment of time 0t increases linearly with the growth time, while 
the nanowire radius starts from a small initial value 0R at 0tt ? and then saturates 
to the critical radius ABRc /? : 
)( 0ttCL ?? ;                                                                                                                               
(S7) 
??
???
? ?????
?
???
?
?
??? )(ln1 000 RRRR
RRR
A
tt
c
c
c .                                                                                      
(S8) 
Obviously, the maximum length and the radius in the size distributions 
correspond to the nanowires having emerged at 00 ?t , i.e., CtL ?max  and 
)0( 0max ?? tRR . 
 We now turn to the analysis of the length and radius distributions of self-
induced nanowires assuming that the nucleation of each Ga droplet immediately 
starts the nanowire growth (with probability ? ). According to general nucleation 
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theory [S5,S7], when nanowires grow vertically at a length-independent rate 
CdtdL ?/ , their deterministic distribution over lengths obeys the first-order 
equation 
L
LLf
L
LLf
?
????
? ),(),( max
max
max .                                                                                                       
(S9)         
Therefore, the distribution must be a function of LL ?max , where the maximum 
length CtL ?max (corresponding to the nanowires that have emerged right at the 
beginning of growth) gives the linear measure of time. At the beginning of 
growth where 0?L , the distribution must equal the nanowire nucleation rate 
divided by the growth velocity, i.e.: CLJLLf nw /)(),0( maxmax ?? [S5,S7]. This 
yields our main result for the length distribution 
 
???
?
???
? ??
???
?
?
???
2/3
max2
max ),( L
LLgconstLLf ,                                                                                   
(S10) 
with g given by Eq. (S4) and tCL ??? as the measure of the distribution width.  
We note that Eq. (S10) does not account for kinetic fluctuations 
(described by the second derivative with respect to size) since, in mononuclear 
nanowire growth, this fluctuation-induced broadening should be suppressed by 
temporal anti-correlation of successive nucleation events, as discussed in depth 
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in Refs. [S8,S9]. Even in this Poissonian spectrum broadening was enabled, its 
width ( ?? L2 ) would be much less than the nucleation dispersion, as follows 
from the numerical analysis given below.       
As for the width (radius) distribution, Eqs. (S8) show that, while the 
length is the invariant size variable (for which the corresponding growth rate is 
?L independent), the radius is not (because the radius growth rate dtdR /
depends on R ). From Eqs. (S7), (S8) it follows that )//(/ ARBCdRdL ?? . Using 
the normalization condition for the length and radius distributions [S5] 
dRRFdLLf )()( ? ,                                                                                                                   
(S11) 
the )(RF has the same form as )(Lf with the re-normalization factor dRdL / , i.e. 
???
?
???
? ??
???
?
?
?
???
2/3
max2
max /
1
),(
R
RRg
ARB
constRRF .                                                                  
(S12) 
with R? as the measure of width dispersion. Very importantly, the maximum 
length maxL and radius maxR can be directly measured since they correspond to the 
longest and thickest nanowires present in the histograms. The kinetic 
coefficientsC , A and B can be estimated from the fits of the representative 
length and radius in the distributions at a given growth time (or, more 
accurately, from the time-dependent measurements). Therefore, our distribution 
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shapes contain only one control parameter, the distribution width, which is 
related to the nucleation time of Ga droplets.   
Let us now discuss the time-dependent growth kinetics of the self-
catalyzed GaAs nanowires grown by the one-step and two-step growth 
procedures described in the main text. The proposed growth kinetics of the 
imaginary nanowire having the mean length and radius at given growth 
conditions is shown in Figs. S1 and S2. Here, the moment of nanowire 
nucleation is defined as CLtt /?????? , where ?? L is the mean length for a 
given sample. Figure S1 (a) shows the linear increase of the mean length with 
time for the temperature series, as given by Eq. (S7). Figure S1 (b) shows the 
strongly nonlinear time dependences of the mean widths, obtained from Eq. 
(S8) at 00 ?R  and the B values given in the figure caption.  The typical values 
of B (of the order of 100) yield the effective Ga diffusion lengths of the order of 
500 nm.  
(a) (b) 
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Figure S1 Linear increase of the mean nanowire length with time (a) and time 
dependences of the mean width R2 (b) at ?B 145 nm2/s at 604oC, 148 nm2/s at 
624oC, and 104 nm2/s at 643oC. The starting times for growth of nanowires 
having the mean length are obtained from the experimental data of Table S1.   
 
FIG S2. Time evolutions of the mean nanowire width in the two-step growth 
at 643oC, obtained from Eq. (S8) with different A and B for different Ga rates: 
?A -1.45 nm/s, ?B 119 nm2/s for the constant Ga flux, ?A -1.45/-1.69, ?B
119/90 for the 0.11/0.075 nm/s Ga fluxes and  ?A -1.45/-1.86, ?B 119/74 for 
the 0.11/0.05 nm/s Ga fluxes. Further decrease of Ga flux to 0.027 nm/s does 
not lead to a significant decrease of width, since the critical width is almost 
reached already at the first growth step. 
 
 Table S1. Statistical parameters of the measured length and width 
histograms 
Temperature Ga flux Mean 
length 
Standard 
deviation  
Mean 
width 
Standard 
deviation 
Maximum 
length 
T (oC) V (nm/s) ?? L  
(nm) 
L? (nm) ?? R2
(nm) 
D?  maxL (nm) 
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604 0.11 4357 328 103 14.5 5161 
624 0.11 3316 716 114 29 4619 
643 0.11 2521 733 121 45.5 3091 
643 0.075 1037 605 84 31 2685 
643 0.05 1642 632 58.5 16 2907 
643 0.11/0.075 1389 404 94 23 2380 
643 0.11/0.05 1734 400 77 24 2645 
643 0.11/0.027 1433 343 74 28 2185 
 
Graphs shown in Fig. S2 were also obtained from Eq. (S8). This equation 
was solved for the two different sets of parameters A and B reflecting the abrupt 
decrease of the Ga flux, and sewed together at ?t  30 min. Of course, a much 
better understanding could be achieved based on the time-dependent 
measurements. This study will be presented elsewhere.   
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